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Since the realization that portal hypertension was a consequence 
of vascular alterations within the cirrhotic liver, there have been 
numerous attempts to establish the nature and genesis of these vascular 
lesions, often with completely conflicting results. Almost a century 
ago, Frerichs* demonstrated by gelatin injections that in cirrhosis 
the hepatic venous capillaries became obliterated and the portal veins 
became narrowed and angular, while the hepatic arteries and the 
arterial bed were enlarged. He also described the development of new 
communications between all 3 vascular beds in the connective tissue 
septums. Over 60 years later, Kretz? noted that in gelatin injections 
and in corrosion specimens the hepatic veins were distorted and tor- 
tuous and had fewer small branches than normal. In the septums, 
the portal venous and hepatic arterial beds were increased, and there 
were new anastomoses between hepatic arteries and portal veins which, 
along with the obliteration of venous capillaries, contributed to the 
development of portal hypertension. Kretz also felt that because of 
the formation of similar new anastomoses between portal and hepatic 
veins, portal blood by-passed much of the parenchyma, and the latter 
was consequently supplied by hepatic arteries. A few years later, in 
1907, Herrick* concluded from post-mortem perfusion studies in cir- 
rhotic livers that there was an increased arterial inflow which, com- 
bined with an increased intercommunication between hepatic arteries 
and portal veins, was the most significant factor in the depression of 
portal venous flow and in the development of portal hyptertension. 
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Segall,* in 1923, studied one cirrhotic liver in a series of radiopaque 
injections and found the hepatic arteries to be enlarged, with an exten- 
sive subcapsular arterial bed and numerous arterio-arterial anasto- 
moses; he did not inject either venous bed. 

In 1928, McIndoe® reported the results of perfusion and injection- 
corrosion studies which for the next two decades formed the basis 
of most thinking and writing on the subject. McIndoe concluded that 
in cirrhotic livers both venous beds were greatly distorted and reduced. 
As a consequence, most of the portal venous blood by-passed the liver 
through collaterals. Although the regenerated nodules were supplied 
by hepatic arteries, these vessels were not enlarged and eventually 
shared in the same atrophy as the veins; portal hypertension was 
attributed solely to venous obstruction. In 1942, Wakim and Mann® 
investigated the circulation in cirrhotic rat livers by a transillumination 
technique. They also noted that the blood supply of the regenerated 
parenchyma was arterial in nature, and as the cirrhotic process pro- 
gressed, the venous and especially the arterial channels became tor- 
tuous. In the same year, Dock’ repeated Herrick’s simultaneous 
perfusion studies with essentially similar results. In some livers with 
alcoholic cirrhosis the arterial system was large and the arterial per- 
fusibility increased. In all the examples of alcoholic cirrhosis there 
was increased communicability between hepatic arteries and portal 
veins. This, Dock thought, was a cause of portal hypertension in these 
cases. He suggested the possibility of lowering the high portal venous 
pressure by surgically reducing the arterial inflow, a procedure later 
to receive a disappointing clinical trial in the form of hepatic arterial 
ligation. 

Moschcowitz,® in 1948, presented histologic evidence of anastomoses 
between portal and hepatic veins in cirrhotic livers, which he thought 
were newly formed vessels rather than persistent sinusoids. In 1950, 
Kelty, Baggenstoss and Butt® reconstructed a portion of a cirrhotic 
liver by the camera lucida technique and found that the site of vascular 
obstruction was on the hepatic venous side of the sinusoidal bed. The 
hepatic veins were displaced and flattened around regenerated pseudo- 
lobules as if by expansile pressure. Portal veins, protected by their 
natural sheath of connective tissue, were little affected by this process. 
Two years later, after they had developed a technique for estimating 
hepatic blood flow by application of the Fick principle to the clearance 
of bromsulphalein, Bradley, Ingelfinger and Bradley*® were able to 
show that a significant reduction in total hepatic blood flow occurred 
in cirrhosis. This was the first direct physiologic evidence of this phe- 
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nomenon. By rapid serial angiography, however, Daniel, Prichard and 
Reynell™ failed to find any impairment of speed or volume of flow 
of portal venous blood through cirrhotic rat livers, although sinusoidal 
filling was diminished and the venous trees were stunted and distorted. 

In 1952, Popper, Elias and Petty’* demonstrated by gelatin injec- 
tions of cirrhotic livers that regenerated nodules were poorly supplied 
by portal venous blood. In the septums there were numerous anasto- 
moses between portal and hepatic veins, and occasional arteriovenous 
anastomoses were present, mostly between hepatic arteries and portal 
veins. In corrosion casts of 4 cirrhotic livers, they described increased 
tortuosity, irregular spacing, and reduction in number of the vessels, 
as well as a basket-like arrangement about pseudolobules, and flat- 
tening of the hepatic veins. They postulated that the venovenous anas- 
tomoses, derived from sinusoids persisting in collapsed reticulum, 
diverted portal venous blood from the parenchyma and perpetuated 
the cirrhosis on an ischemic basis. Since the shunts were upstream 
from the sites of hepatic venous obstruction, they did not prevent the 
development of portal hypertension. The latter, incidentally, was 
ascribed to vascular obliteration and, possibly, transmission of arterial 
pressure into the venous network. The alterations subsequently noted 
by Mann, Wakim and Baggenstoss** in vinylite corrosion casts of 
cirrhotic livers were very similar to those described by Popper and 
his colleagues. No significant differences were seen in the cast of a 
liver with post-necrotic cirrhosis and one with alcoholic cirrhosis. 
Madden, Loré, Gerold and Ravid** reported more recently that in 
their neoprene casts of cirrhotic livers two patterns were observed. 
One, associated with chronic ascites, was characterized by an increase 
in the portal venous and hepatic arterial beds and a reduction in the 
hepatic venous bed. In the other, observed in cirrhosis without ascites 
or with ascites of the acute and reversible type, there was a symmetrical 
deficit in all of the vascular systems. In the former cases, these 
workers believed that the significant lesion was occlusion of hepatic 
veins by an obliterative fibrosis, whereas in the latter cases the hepatic 
venous obstruction was thought to be due to diffuse cellular edema. 

From even this brief review of the more significant investigations 
of the vascular changes in cirrhotic livers, it is apparent that almost 
all conceivable alterations of the normal pattern have been reported 
at some time by one or more investigators: expansion of the hepatic 
arterial bed;**"?* reduction in the arterial bed;° equal reduction in 
the two venous beds;**"* selective or more pronounced reduction in 
the hepatic venous bed;**?*"* anastomoses between portal veins and 
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hepatic between hepatic arteries and portal 
and between hepatic arteries and hepatic veins.*’* Venous obstruction 
was specifically attributed to the effect of fibrosis by some*®"""* and 
to expansile pressure of regenerated nodules by others.*?*7* Portal 
hypertension has been ascribed primarily to- venous obstruction," 
to transmission of arterial pressure through arteriovenous anasto- 
moses,** and to a combination of these factors.” 

It is also apparent from this historical survey that even when em- 
ploying similar techniques in investigating the vascular alterations in 
cirrhosis, different workers have rarely made the same observations or 
been in entire agreement as to interpretations. Thus, even the mor- 
phologic end products of cirrhosis cannot be considered to be estab- 
lished until sufficient additional investigation has led to a common 
basis of understanding. As a contribution toward this end, the present 
paper reports the examination of a series of normal and cirrhotic livers 
by the injection-corrosion cast technique. Included in the investiga- 
tion were 28 non-cirrhotic livers, 25 livers with portal cirrhosis, 6 with 
congestive (cardiac) cirrhosis, 3 with post-necrotic cirrhosis, and 3 
with biliary cirrhosis. 


MATERIAL AND METHODS 


The technique of injection was modified from that described by 
Liebow, Hales, Lindskog and Bloomer’ for preparation of broncho- 
vascular corrosion casts of the lung. The injection masses were 8 to 
12 per cent solutions of vinylite in acetone, usually with diatomaceous 
earth or lamp black added in amounts of 33 to 125 gm. per liter. 
Solutions were colored with appropriate acetone-soluble dyes. To in- 
sure uniformity in the injection masses used for different specimens, 
the viscosities were checked by viscometer just before injection. When 
indicated, the viscosity was adjusted by the addition of small amounts 
of concentrated vinylite solution or acetone. 

The specimens were obtained from the necropsy service of the Los 
Angeles County Hospital. They were removed with the diaphragms 
still attached and with long segments of the inferior vena cava and 
the hepatoduodenal ligament. The inferior vena cava was cannulated 
just above the diaphragm and ligated below the liver. The portal vein, 
hepatic artery and common bile duct were cannulated in the hepato- 
duodenal ligament. While the liver was submerged in a water bath, 
a gentle stream of air was blown through each cannulated vessel to 
permit the identification and ligation of potential leaks. 

In our initial studies, the vessels were first cleared of blood by per- 
fusion with tap water and then acetone, but this procedure was later 
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abandoned when no beneficial effect could be demonstrated. The 
vinylite solutions were injected from aspirator bottles in which the 
desired pressure was maintained by means of a rubber hand bulb. 
The actual injection was completed and the plastic in small vessels 
partially solidified within a few minutes; blocks were then removed 
from the right and left lobes for subsequent histologic examination. 
To compensate for shrinkage of the injection masses as they solidified 
in the vessels, the cannulas were left attached to the aspirator bottles, 
under pressure, until the material in the largest vessels had become 
rigid (approximately 48 hours). The tissue was then digested in a 
large vat of concentrated hydrochloric acid, and the resultant cast 
was washed in running water for 24 hours, and when necessary, de- 
fatted in petroleum ether. 

The masses used to fill the hepatic arterial system and the biliary 
ducts were made less viscid than those used in the two venous beds. 
In a few specimens, latex was used instead of vinylite to inject the 
arterial system and the biliary ducts. Although the relatively high 
viscosity of the vinylite solutions necessitated injection pressures 50 
to 200 per cent higher than physiologic levels, extravasation was rarely 
encountered and was readily identifiable in the cast when it did occur. 
The order in which the different vessels were injected was varied from 
time to time, as were the injection pressures and the viscosities of 
the injection masses. With each of these variations in technique, nor- 
mal livers were injected as standards of reference for any features 
observed in the abnormal livers. In each specimen, the hepatic veins 
and portal veins were injected at the same pressure with masses which 
were identical except for color. 

Histologic sections were stained with hematoxylin and eosin and 
were graded by one of us (E.M.H.) from o to 4+ for the degree of 
fibrosis, fatty change, necrosis and regeneration. A histologic diag- 
nosis as to the type of cirrhosis, if any, was also made. The clinical 
history of each patient was searched for evidence of alcoholism, dietary 
dyscrasia, previous hepatic or biliary tract disorder, ascites, varices 
or hematemesis. The necropsy protocols were reviewed for pertinent 
observations, including the presence of varices, ascites, splenomegaly 
or other possible signs of portal hypertension. 


RESULTS 
Normal Livers 


Since excellent detailed investigations of the vascular anatomy of 
normal livers are available,’®** only those features need be described 
here which pertain to the alterations occurring in cirrhosis. 


— 
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The extent and pattern of the vascular injection were remarkably 
uniform in all livers considered to be normal grossly and microscopi- 
cally. The injection masses penetrated equally far in the portal and 
hepatic venous systems, terminating in vessels between 100 and 200 » 
in diameter with the masses most commonly used (Figs. 1 and 7). 
The small branches of the two venous beds interdigitated in such a 
manner that portal and hepatic veins were always removed as far as 
possible from each other. The pattern of division generally appeared 
to be dichotomous in type, although very small branches also entered 
or left the large parent trunks, often at very nearly right angles. The 
latter were particularly striking with fine injections of the hepatic 
veins, where tiny tributaries were often sufficiently numerous that the 
parent trunk had a bristly, fuzzy appearance. Portal veins appeared 
to be end-veins; only in the bed and wall of the gallbladder did 
separate branches intercommunicate. On the other hand, arcade-like 
subcapsular anastomoses between separate small hepatic veins were 
not at all uncommon, especially on the posterior surface and along 
the sharp inferior margin. No gross anastomoses between portal veins 
and hepatic veins were found in normal livers. 

Within the liver there was one artery accompanying each portal 
vein, and situated between the portal vein and the bile duct; occa- 
sionally another much smaller artery was also present which com- 
municated with the major artery. Through similar tiny vessels in the 
hilum there was often communication between the right and left hepatic 
arteries. The vinylite arterial injection mass terminated in vessels 
approximately 1060 pw in diameter and hence did not fill vessels of 
the peribiliary plexus. No arteriovenous anastomoses were ever dem- 
onstrated. 

In the wall and bed of the gallbladder, portal veins formed a net- 
work of anastomosing vessels, as did the arteries. The veins and 
arteries closely paralleled each other, the veins usually being paired 
and situated on each side of the artery. Although a small cystic vein 
often drained along the cystic duct into a large portal vein at the 
hilum, most of the veins drained toward the bed of the gallbladder 
and emptied through several trunks into portal veins within the hepatic 
parenchyma. There were never any tributaries of the hepatic veins 
in the wall of the gallbladder. 

Injection of smaller radicles of the biliary ducts was unsuccessful, 
presumably because their viscid content could not be evacuated or 
forced back into canaliculi. 
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Portal Cirrhosis 


Hepatic Arteries. In all of the casts of livers considered to repre- 
sent portal cirrhosis grossly and histologically, there were gross alter- 
ations in the vessels. The most consistent variations from normal were 
enlargement of the hepatic arteries and increase in the injectable 
hepatic arterial bed (Figs. 2, 3 and 11). These features were observed 
to a minor degree even in livers with slight periportal fibrosis which 
could not be considered frankly cirrhotic. In severe cirrhosis, the 
arteries were not only enlarged but were often extremely tortuous. 
Instead of only one major arterial trunk accompanying each portal 
vein, there were usually 2 or 3 large intercommunicating arteries of 
nearly equal size in each portal zone. 

As an indication of the magnitude of the hepatic arterial enlarge- 
ment, the diameters of peripheral hepatic arteries were compared with 
the diameters of the adjacent portal veins. Several measurements 
were taken in random fields through the ocular micrometer of a dis- 
secting microscope. Portal veins of 0.5 to 1.0 mm. in diameter were 
used as the standards of reference, and the relative diameters of the 
adjacent artery and vein were determined at this level. In normal 
livers the average diameter of these peripheral hepatic arteries was 
approximately one third that of the adjacent portal veins, whereas 
in cirrhosis the hepatic arteries averaged two thirds of the diameter 
of adjacent portal veins. In one cirrhotic liver the hepatic arteries 
were fully as large as the adjacent portal veins (Fig. 2). Such altered 
arteriovenous ratios in cirrhosis could, of course, result from a selec- 
tive reduction in the diameter of portal veins rather than an increase 
in the diameter of hepatic arteries, but even casual inspection of the 
casts indicated that this was not the case. The injected portal venous 
bed often appeared almost as extensive as in non-cirrhotic livers, and 
the individual portal veins selected for measurement were not flattened 
and were rarely distorted. Considering also that 2 or 3 hepatic arteries 
of nearly equal size were often present with each portal vein, only 
one of which was measured, there was little question that in cirrhotic 
livers there was a striking increase in the total cross sectional area 
of the hepatic arteries. 

Not only were hepatic arteries enlarged and their number in each 
portal zone increased, but the total injectable arterial bed was signifi- 
cantly expanded in cirrhotic livers (Figs. 3 and 11). This was mani- 
fested by the successful injection of the plastic into numerous vasa 
vasorum to the portal veins, small arteries enmeshing the bile ducts, 
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and small arteries ramifying within or beneath the capsule. In all 
of these sites the small arteries formed an anastomosing network. 
At the hilum, large communications between right and left main 
hepatic arteries made it possible to inject the bed of the left hepatic 
artery by way of the right hepatic artery, and vice versa. In one 
cirrhotic liver a peripheral hepatic artery communicated with a sizable 
diaphragmatic artery; the latter vessel was injected in retrograde 
manner. In the one liver examined in which the portal vein was 
occluded by an old thrombus, the hepatic arteries were enlarged and 
the arterial bed greatly expanded, but not beyond that seen in many 
cirrhotic livers with patent portal veins. The degree of hepatic arterial 
enlargement could not be shown to correlate significantly with the 
varying degrees of fibrosis or regeneration noted in the histologic 
sections, nor was it related to the weight of the liver. 

With the injection mass most commonly used, the smallest arteries 
which were filled measured about 75 to 100 p in diameter. In the 
\cirrhotic as in the normal livers, no arteriovenous anastomoses were 
\demonstrated. In a few livers, the arteries were injected with latex 
or with a low viscosity vinylite mass which penetrated some arteries 
of only 25 to 35 m» diameter. In several of the cirrhotic livers so in- 
jected, the arterial mass found its way into portal veins. Occasionally, 
normal livers similarly injected exhibited the same arteriovenous trans- 
fer, but to a much lesser degree. All attempts to identify the actual 
site of arteriovenous communication under the dissecting microscope 
were unsuccessful. In the histologic sections from these same livers, 
a few sinusoids which were dilated to 25 to 35 mw in diameter and 
contained the arterial injection mass were invariably found. It was 
thus impossible to state whether the arteriovenous communication 
was by way of parenchymal sinusoids or by way of vessels in the 
|fibrous septums. At any rate, communication between hepatic arteries 
‘and portal veins seemed unduly free in cirrhotic livers, although it 
was apparently through vessels of minute size. 

Another confirmation of the easy communication between hepatic 
arteries and portal veins in cirrhosis was incidentally encountered 
early in our studies when we were perfusing the vessels with tap 
water to remove the blood. As was noted by Herrick* in 1907, when 
the hepatic artery of a normal liver was perfused, the return of fluid 
was primarily by way of the hepatic vein, although there was also 
some return by way of the portal vein. In cirrhotic livers the reverse 
was usually true; the hepatic arterial perfusate was returned pri- 
marily, and sometimes exclusively, by way of the portal vein. Clamp- 
ing the portal vein resulted in the development of extremely high 
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pressures, but still failed to increase significantly the meager return 
|through the hepatic veins. 

_ Portal and Hepatic Veins. In all of the vascular casts of livers 
with portal cirrhosis there was some reduction in the hepatic venous 
bed, and in 80 per cent of them there was also reduction in the portal 
venous bed (Figs. 4 and 8). Hepatic venous reduction was considered 
of severe degree in 60 per cent, whereas portal venous reduction was 
severe in only 36 per cent. Thus, in almost two thirds of the casts 
there was a disparity in the extent of the injection in the two venous 
beds, the hepatic being more severely reduced than the portal venous 
system. This disparity was particularly striking in 4 casts in which 
the portal venous bed appeared essentially normal but the hepatic 
venous bed was markedly restricted (Fig. 4). 

Attempts at correlating the venous reduction independently with 
fibrosis or with the size of the pseudolobules was generally impossible 
because all but one of the livers with pseudolobules as large as 2 mm. 
also had severe fibrosis. However, in 8 of the 18 livers with severe 
fibrosis there were no pseudolobules over 2 mm. in diameter; 6 of 
these 8 livers had severe hepatic venous reduction, and 2 had severe 
portal venous reduction. This observation of severe venous reduction 
in the presence of only tiny, and usually widely separated pseudo- 
lobules suggests that fibrosis per se, independent of any expansile 
pressure from enlarging pseudolobules, had a role in the obstruction 
of small veins in the cirrhotic liver, and that this primarily involved 
the small hepatic veins. This selective effect on the small hepatic 
veins was well demonstrated in focal scars present in 4 specimens 
(Figs. 9 and 10). In these scars, histologic sections revealed only 
tiny, widely spaced nests of persistent hepatic parenchyma. In the 
casts, these zones were characterized by almost complete absence of 
hepatic veins, while the portal veins were not only well injected but 
actually appeared compacted and more numerous than normal (Figs. 
5 and 6). 

Although the close association of severe fibrosis and large pseudo- 
lobules made it impossible to demonstrate that vascular obliteration 
could be produced solely by expanding pseudolobules, there was no 
question of the relationship of the pseudolobules to venous distortion. 
All of the 12 livers with pseudolobules measuring 3 mm. or more had 
significant hepatic venous distortion, and in 66 per cent of these it 
was of severe degree. Nine of the 12 livers had significant portal 
venous distortion; this was severe in 4 cases. Significant distortion 
was rarely seen in the absence of large pseudolobules, regardless of 
the severity of the fibrosis. Venous distortion, like venous reduction, 
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was nearly always more severe in the hepatic veins than the portal 
veins; in only 2 livers was the distortion of portal veins considered 
equal to or greater than that of the hepatic veins. Under the dissecting 
microscope, the small distorted hepatic veins often appeared to have 
been abruptly flattened and displaced to the side, as if by pressure of 
a small expanding mass of tissue (Fig. 12). There was striking sim- 
ilarity to the appearance of the hepatic veins in the camera lucida 
reconstruction of Kelty and co-workers.’ 

A marked degree of fatty alteration was present in only 5 of the 
25 livers with portal cirrhosis; 6 others had a slight amount, and the 
other 14 had minimal or no fat. That fat was not essential to venous 
reduction was indicated by the fact that 8 of the livers with severe 
hepatic venous reduction had minimal or no fat. Fatty change may 
contribute to vascular obstruction, however, as Himsworth*® has con- 
tended. The two livers in which the degree of hepatic venous reduc- 
tion seemed excessive for the degree of fibrosis or nodularity were 
severely fatty. 

The weight of the livers correlated with the degree of fibrosis, the 
size of the nodules, and the severity of the venous reduction. Of the 
8 livers weighing less than 1,400 gm., all had marked fibrosis, 7 had 
nodules larger than 2 mm., 7 had marked hepatic venous reduction, 
and 5 had marked portal venous reduction. Of the 12 livers with 
cirrhosis, weighing over 2,000 gm., only 6 had marked fibrosis, 5 had 
nodules larger than 2 mm., 4 had severe hepatic venous reduction, 
and only 1 had severe portal venous reduction. 

In the cases of portal cirrhosis there did not appear to be any cor- 
relation between the disparity in venous reduction and the presence 
of chronic ascites, as reported by Madden and his colleagues.** Half 
of the patients with a disparity in the extent of the injection in the 
two venous beds did have evidence or history of chronic ascites, but 
the other half either had no ascites or developed ascites terminally 
for the first time. 

Venovenous Anastomoses. Since the masses injected into the venous 
beds were relatively viscid, the casts indicated the presence or absence 
of only sizable communications between separate veins. As a con- 
sequence of the disproportionate reduction in the hepatic venous bed 
in cirrhosis, gross anastomoses (0.1 to 1.0 mm.) were present between 
separate hepatic veins in only 28 per cent of the cirrhotic livers com- 
pared with 46 per cent of the non-cirrhotic specimens. Anastomoses 
between separate portal veins were present in 4 (16 per cent) of the 
cirrhotic livers, but were present in only 2 (7 per cent) of the non- 
cirrhotic livers; both of the latter were small and atrophic, although 
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otherwise unremarkable. Gross anastomoses between portal veins and 
hepatic veins were present in only 2 (8 per cent) of the cirrhotic 
livers, one of these being an atypical portal cirrhosis in a patient with 
severe, prolonged and untreated hyperthyroidism. Such portal-hepatic 
vein anastomoses were also present in 2 non-cirrhotic livers with severe 
passive congestion, and in focal transverse bands of subcapsular 
atrophy and fibrosis in 2 otherwise unremarkable livers. In one of 
the latter and in the case of “thyrotoxic cirrhosis,” some of the anasto- 
moses measured over 1 mm. in diameter (Fig. 15). Remarkable 
dilatation of the venous trunks supplying and draining the anastomoses 
indicated an appreciable shunt of blood through them during life. 

Intrahepatic Collaterals. In the casts of cirrhotic livers, there was 
consistent enlargement of certain veins communicating between intra- 
hepatic branches of the portal vein and branches of the systemic 
venous system. Although measurements indicated no consistent dilata- 
tion of the main portal vein, the small veins which normally run in 
the porta hepatis and communicate with portal veins within the liver 
were often appreciably dilated. In most examples of cirrhosis there 
was a venous trunk extending from the left portal vein into the 
falciform ligament in the normal course of the umbilical vein. Al- 
though a tiny similar vessel was occasionally injected in a non-cirrhotic 
liver, in cirrhosis it was usually present and was of appreciable size. 
Indeed, in 4 casts such vessels measured over 5 mm. in diameter 
(Figs. 11 and 13). In only 1 of these 4 cases was a diagnosis of 
Cruveilhier-Baumgarten syndrome made clinically. 

In addition to these vessels representing patent and dilated um- 
bilical veins, there was often an entirely separate group of collateral 
vessels entering the falciform ligament. These were usually multiple, 
and while occasionally arising from the left portal vein near the nor- 
mal entrance of the umbilical vein, they more often took origin from 
distal portal veins at the anterior margin of the liver (Fig. 14). 
Portal veins there failed to diminish in caliber as the capsule was 
approached and continued into the falciform ligament after a short 
tortuous course near or in the capsule. These vessels were often of 
appreciable size, measuring in 2 cases over 5 mm. in diameter. In 
normal livers there were often tiny extensions into the falciform liga- 
ment from adjacent peripheral portal veins, and it was presumably 
from these that the large para-umbilical collaterals developed in cir- 
rhosis. Because of their empty, collapsed state, such collaterals were 
rarely recognized at necropsy unless specifically sought. 

Diaphragmatic veins were often injected from the inferior vena 
cava, along with the hepatic veins. They sometimes seemed unusually 
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numerous and dilated, but they never established gross communica- 
tions with either portal or hepatic veins in portal cirrhosis. In only 
one example of portal cirrhosis were communications demonstrated 
between intrahepatic branches of the hepatic arteries and arteries 
outside the liver; a very fine arterial injection disclosed communica- 
tions between capsular branches of the hepatic artery and diaphrag- 
matic arteries, the latter being injected in retrograde fashion. None 
of the cases investigated had had surgical ligation of the hepatic artery. 


Post-necrotic Cirrhosis 


Although none of the livers examined had the classical gross ap- 
pearance of the “lobar” type of post-necrotic cirrhosis, 3 cases had 
microscopic features and clinical histories suggestive of a post-necrotic 
origin and were so classified. In another 3 cases, alcoholism and 
dietary dyscrasia were specifically and reliably denied by the patients, 
but since in these 3 the livers were grossly and histologically indis- 
tinguishable from portal cirrhosis, they were included in the latter 
group. Whether or not this was justified is of little importance in the 
present study since the casts of all 6 differed in no significant manner 
from the other instances of portal cirrhosis in patients with a strong 
history of alcoholism or dietary dyscrasia. 


Congestive Cirrhosis 


Six livers studied were considered to have the microscopic features 
of congestive or cardiac cirrhosis. In 5, central and portal fibrosis 
was minor, there was minimal lobular distortion, and the vascular 
pattern in the casts differed from that of normal livers only in dilatation 
of the hepatic veins and slight arterial enlargement. One liver, how- 
ever, from a patient with tricuspid insufficiency, had severe cirrhosis 
with significant fibrosis and even pseudolobule formation. In this 
case, hepatic arteries were large, the hepatic veins were remarkably 
dilated, and the hepatic venous bed was more extensively filled than 
the portal venous bed (Fig. 16). On the diaphragmatic surface commu- 
nications were present between hepatic veins and diaphragmatic veins, 
and between enlarged hepatic arteries and diaphragmatic arteries. 
A striking lesion in this instance consisted of large para-umbilical 
collateral branches of the portal veins entering the falciform ligament 
at the sharp anterior margin of the left lobe. Portal hypertension in 
this case was not solely a reflection of high systemic venous pressure, 
but was sufficiently augmented by intrahepatic venous obstruction 
that collateral pathways had developed to by-pass this obstruction. 
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Biliary Cirrhosis 


One of the 3 cases of biliary cirrhosis had extreme focal dilatation 
of biliary ducts. In these sites the hepatic arteries were enlarged, the 
hepatic veins completely absent, and the portal veins markedly dis- 
torted and reduced in size and number. The 2 other specimens, from 
patients with portal hypertension, also manifested hepatic arterial en- 
largement but were especially remarkable for the fact that the portal 
venous reduction was more severe than that of the hepatic venous 
bed. Many portal veins were abruptly obliterated in a segmental 
fashion as if by thrombosis, and their distal segments were injected 
in retrograde manner from collateral communications with adjacent 
unobstructed portal veins. This observation correlated well with the 
presence of thrombophlebitis of small portal veins observed micro- 
scopically in these livers. MacMahon’® has commented on the fre- 
quency of thrombophlebitis of small portal veins complicating cholan- 
gitis. Incidentally, similar obstructions of portal veins, with distal 
collateral communications, were observed in the walls of large con- 
genital cysts present in two otherwise normal livers. 


DIscussION 


The vascular alterations in the casts of livers with portal cirrhosis 
support the concept that the initial venous obstruction in this disorder 
is in the small hepatic veins rather than in the portal veins. In a 
majority of such casts, hepatic venous reduction was more severe 
than portal venous reduction, and in some, the portal venous bed was 
little if at all altered. The observation that large pseudolobules were 
invariably associated with distortion and often with flattening of the 
hepatic veins indicates that the expansile pressure of regenerating 
nodules may well be a factor in the venous obstruction, as originally 
proposed by Kelty and his associates.? However, there was an im- 
pressive independent relationship between fibrosis per se and reduc- 
tion of the hepatic venous bed in our casts of cirrhotic livers. This 
was especially apparent in broad scars devoid of pseudolobules, where 
the hepatic venous bed was restricted invariably and profoundly. 

How fibrosis results in obliteration of the small veins, and especially 
the small hepatic veins, is not known. The force exerted by the con- 
traction of maturing collagenous fibers may be the responsible agent, 
just as it is responsible elsewhere for the vascular obliteration in 
granulation tissue as the latter becomes converted into avascular scar. 
Whatever the mechanism of venous obstruction, whether by expansile 
pressure of regenerating nodules or by contraction of septal connective 
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tissue, the hepatic veins are much more susceptible than the portal 
veins. The latter may be afforded some protection by their natural 
sheath of periportal connective tissue. 

We could not escape the impression that as the cirrhotic process 
became more severe, the degree of portal obstruction tended to ap- 
proach or equal the degree of hepatic venous obstruction, and that 
this was the reason for the apparently equal venous reduction noted 
in some cases. Other examples of equal reduction of the two venous 
beds, however, appeared to be instances of relatively early cirrhosis 
and must be explained on another basis. As Phillips and Davidson” 
have noted, individuals dying of early cirrhosis often have severely 
fatty livers and acute parenchymal necrosis. In our casts of early 
cirrhosis it is likely that the observed venous reduction was a reflec- 
tion of sinusoidal obliteration by the swollen, fatty and necrotic 
parenchymal cells. For a successful vascular injection, it is essential 
that there be a reservoir of sinusoids or capillaries to receive the 
blood and air displaced from larger vessels by the injection mass. 
In livers with early, fatty cirrhosis this sinusoidal reservoir must be 
appreciably reduced. 

Our coarse injections did not fill vessels of the size of the anasto- 
moses which Popper, Elias and Petty’ found so numerous in their 
delicate gelatin injections of cirrhotic livers. We did, however, demon- 
strate gross anastomoses of this type in two of the cirrhotic livers. 
Surprisingly, we also encountered them in two livers with severe 
chronic passive congestion and in two others with only focal zones 
of subcapsular atrophy and fibrosis. These observations are in per- 
fect accord with the conclusion of Popper and his colleagues that such 
venovenous anastomoses represent dilated sinusoids persisting in col- 
lapsed reticulum. Although our casts demonstrate that these anasto- 
moses may on occasion attain macroscopic size, in most cirrhotic livers 
they must either be very small, or infrequent, or, as Popper suggests, 
“upstream” from the site of hepatic venous obstruction; otherwise, 
cirrhosis would not be complicated by portal hypertension. 

The enlargement of hepatic arteries, with expansion of the arterial 
bed, is in conformity with the observations of both the older and 
more recent investigators. Dock’ and Madden and co-workers" have 
made similar observations, although inconstantly. On a theoretical 
basis, such enlargement should be expected, for there is evidence in 
other studies that regenerated pseudolobules are supplied primarily 
by arterial blood.”** The connective tissue of the fibrous septums 
must also be supplied by hepatic arteries, since arterial enlargement 
is almost as conspicuous in broad scars essentially devoid of paren- 
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chyma as in regions of closely grouped pseudolobules. Indeed, arterial 
enlargement is even evident in livers with portal fibrosis but without 
lobular distortion or true cirrhosis. Increased intercommunication 
between hepatic arteries and portal veins has been described in several 
reports, and Popper and his associates’* claim to have demonstrated 
true arteriovenous fistulas anatomically by gelatin injection. In other 
organs, arteries supplying even tiny arteriovenous fistulas are enlarged 
as a reflection of their increased flow. This might well be another 
factor contributing to hepatic arterial enlargement in cirrhotic livers. 
A final explanation for the arterial enlargement concerns the entire 
adjustment of parenchymal circulation that must occur in sites where 
and when small hepatic veins are selectively obliterated. Circulation 
there must utilize the only available venous bed, that of the portal 
veins, for efferent flow, and hence must rely solely on hepatic arteries 
for the afferent supply to the parenchymal sinusoids. Thus, in regions 
where hepatic veins are obstructed, arterial blood, after traversing 
the parenchymal sinusoids, must flow in retrograde manner in portal 
veins. It may then be shunted into extrahepatic collaterals of the 
falciform ligament, into anastomoses between portal veins and hepatic 
veins, or into sinusoids in regions where hepatic veins still persist and 
drain parenchyma. 

The blood supply of the parenchyma in sites of hepatic venous 
obliteration must resemble that of the gallbladder, being supplied solely 
by the hepatic arteries and drained solely by portal veins. The possi- 
bility of localized retrograde flow has been suggested by others.?*** 
In casts with large regions essentially devoid of small hepatic veins, 
yet with a fairly well preserved portal venous bed and an expanded 
arterial bed, the conclusion is inescapable that the portal veins must 
be functioning as efferent channels for the blood supplied to the paren- 
chyma and the connective tissue by the hepatic arteries. It is doubtful 
if such retrograde flow in the portal veins often involves the entire 
liver or extends to the main portal vein. There is, however, at least 
one case on record in which the latter phenomenon was noted at opera- 
tion for the surgical treatment of portal hypertension." 

The hepatic arterial enlargement and the expansion of the arterial 
bed in cirrhosis indicate that the ratio of hepatic arterial to portal 
venous blood flow in the cirrhotic liver must be appreciably higher 
than the 1:3 figure generally accepted for the normal liver, but how 
much so is unknown and must vary appreciably from case to case. 
From the change in estimated hepatic blood flow following portocaval 
shunting procedures, Bradley, Smythe, Fitzpatrick and Blakemore** 
concluded that approximately 75 per cent of the blood flow to the 


924 HALES, ALLAN AND HALL Vol. 35, No.5 


cirrhotic liver was from the hepatic artery. This was the average 
figure, and the range was extremely broad. Myers* arrived at a sim- 
ilar figure in one of the cases he studied by a sulfathiazole dilution 
technique. 

McIndoe® estimated from his perfusion studies that at least 87 per 
cent of the portal venous blood by-passed the cirrhotic liver through 
portocaval collaterals. This figure, combined with more recent evidence 
that total hepatic blood flow in cirrhotic patients is about two thirds 
normal,’® would also indicate that the major blood supply to the cir- 
rhotic liver is from the hepatic arteries. Although these and other 
observations®* support the morphologic evidence of an increased 
arterial blood supply to the cirrhotic liver, actual determination of 
the degree of arterialization must await the development of a reliable 
technique for measuring relative arterial and portal venous blood flows 
in normal patients, those with cirrhosis, and experimental animals. 

If the hypothesis is correct that because of the obliteration of small 
hepatic veins the cirrhotic liver primarily becomes an arterial organ, 
then the treatment of portal hypertension by hepatic arterial ligation 
is obviously an entirely nonphysiologic procedure, saved from higher 
morbidity and mortality by the remarkable ability of the hepatic 
arteries to develop new collateral supplies. Similarly, any attempt to 
increase hepatic blood flow in cirrhosis by arterializing the portal 
vein, as is being presently contemplated by some,?**° may be destined 
to equally costly failure. Such a procedure may increase the circula- 
tion to those regions where parenchymal sinusoids are still drained 
by hepatic veins. But in sites where hepatic veins have been obliterated 
and an active parenchymal circulation is maintained only by means 
of retrograde flow in portal veins, arterialization of the portal vein 
must decrease rather than increase the supply of blood to the hepatic 
cells. Should such regions of arterial-parenchymal-portal circulation 
be extensive, arterialization of the portal vein might be disastrous, 
decreasing rather than increasing total hepatic blood flow. Indeed, 
it seems likely that in the normal course of cirrhosis it is the elimina- 
tion of this retrograde portal venous flow by obliteration of the small 
portal veins that is responsible for the increasing circulatory impair- 
ment and functional insufficiency in the final stages of the disease. 


SUMMARY 


An investigation of injection-corrosion casts of a large series of 
normal and cirrhotic livers revealed consistent enlargement of the 
hepatic arteries and arterial bed in cirrhosis, with an increased inter- 
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communication between hepatic arteries and portal veins. The venous 
beds were reduced and often distorted, these effects being most pro- 
nounced in the hepatic veins. Venous reduction was often associated 
with fibrosis, in the absence of any possible compressive effect from 
expanding pseudolobules. Occasionally, gross anastomoses were dem- 
onstrated between portal veins and hepatic veins in cirrhotic livers; 
they were also seen in some livers with severe chronic passive con- 
gestion, and in livers with focal bands of subcapsular atrophy and 
fibrosis. Umbilical and para-umbilical collaterals were surprisingly 
large and frequent in portal cirrhosis. 

No significant differences were noted in the vascular pattern of 
portal and post-necrotic cirrhosis. In biliary cirrhosis, portal venous 
obstruction was often more severe than hepatic venous obstruction, 
presumably because of portal thrombophlebitis secondary to recurrent 
cholangitis. Congestive or cardiac cirrhosis was associated with dilata- 
tion of large hepatic veins, and, in one case with severe cirrhosis, with 
large para-umbilical collateral veins. 

The possible genesis and physiologic effects of the vascular altera- 
tions in portal cirrhosis are discussed, including the probability of 
local retrograde flow of blood in the portal veins in sites where the 
parenchymal circulation is purely arterial in nature. It is suggested 
that these observations contraindicate surgical ligation of the hepatic 
artery or arterialization of the portal vein in the treatment of portal 
hypertension due to cirrhosis. 
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LEGENDS FOR FIGURES 


1. Portion of the cast of a normal liver. There is regular interdigitation of the 
distal portal (red) and hepatic veins (white). Even sizable hepatic veins re- 
ceive numerous tiny tributaries at almost 90° angles. The distal hepatic arteries 
(black) are rarely more than one third the diameter of the portal veins they 
accompany. Small biliary ducts were not injected. X 2.4. 


2. Portion of the cast of a cirrhotic liver. Hepatic arteries (yellow) are 
increased in number and are often fully as large as the adjacent portal veins 
(red). At the right margin some of the small portal veins are well injected, 
whereas only the larger hepatic veins (blue) persist. X 1.4. 


3. Cast of a liver with portal cirrhosis. In the expanded arterial bed the 
enlarged hepatic arteries (yellow) almost completely hide the stunted portal 
veins (red) and the even more severely stunted hepatic veins (blue). X 0.6. 
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4. Cast of a liver with portal cirrhosis. The portal venous bed (red) is little 
if at all altered from the normal, whereas the hepatic venous bed (white) is 
markedly restricted. This pattern of disproportionate reduction in the two 
venous beds was noted in two thirds of the livers with portal cirrhosis. The 
hepatic arterial bed (black) is greatly expanded. X o.5. 


5. Portion of the cast of the cirrhotic liver shown in Figure 9. Distorted 
portal veins (white) are compacted in a broad depressed scar. Hepatic veins 
(blue) are essentially absent in the scar, but are present and severely distorted 
in the large bulging nodule of regenerated parenchyma seen at the right center. 
Hepatic arteries (red) are enlarged. X 1.5. 


6. Posterior surface of the right half of the cast of the cirrhotic liver shown 
in Figure 10. In the depressed triangular scar at the right margin, portal veins 
(white) are compacted and appear even more numerous than normal, but few 
hepatic veins (blue) could be injected there. Hepatic arteries (red) are en- 
larged, even in the scar. X 0.5. 
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7. Cast of a normal liver. Portal veins (gray) and hepatic veins (white) have 
been injected equally far to the periphery where their distal branches alternate 
uniformly. Hepatic arteries (black) are too small to be seen well at this mag- 
nification. X 0.55. 


8. Cast of a liver with portal cirrhosis. In this specimen the portal (dark 
gray) and the hepatic venous beds (light gray) are equally reduced, a pattern 
noted in only one third of the cirrhotic livers studied. Only the right hepatic 
artery (black) was injected in this specimen, but the left hepatic arterial bed 
was partially filled through arterio-arterial anastomoses at the hilum. X 0.44. 
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g. Cirrhotic liver with focal broad scars. The portion outlined is illustrated 
in Figure 5, after injection and corrosion. Distorted hepatic veins were demon- 
strated among regenerated pseudolobules, but only portal veins and hepatic 
arteries could be injected in the broad scars which were almost devoid of 
parenchyma. X 0.39. 


10. Posterior surface of a cirrhotic liver with a depressed scar at the right 
margin. Histologic sections from the scar revealed only a few widely separated, 
tiny nests of hepatic cells. In the cast from this liver (Fig. 6) hepatic veins 
were essentially absent from the scar, but portal veins were numerous and 
compacted there. X 0.4. 
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11. Anterior inferior surface of the left lobe of a liver with portal cirrhosis. 
The vessel indicated by the arrow is a large patent umbilical vein. Hepatic 
arteries (black) are reduplicated, tortuous and enlarged, and many tiny : 
branches have been injected. Portal (gray) and hepatic veins (white) are 
distorted and reduced. X 1.2. 


12. Distorted hepatic venous twig from the cast of a cirrhotic liver. Segments 
of the vessel have been abruptly flattened, narrowed and displaced. The normal 
regular pattern of arborization has been lost. Only a few small, stunted and 
distorted tributaries persist. X 4.8. 
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13. Posterior view of the cast of a cirrhotic liver. A large umbilical vein 
communicates with the left portal vein. Two smaller para-umbilical veins also 
enter the falciform ligament from the sharp margin of the right lobe. Portal 
(gray) and hepatic veins (white) are reduced in number and are greatly dis- 
torted. X 0.48. 


14. Partially trimmed segment from the cast of a liver with portal cirrhosis. 
A large para-umbilical vein enters the falciform ligament with an S-shaped 
bend after receiving several tributaries from distal branches of the right portal 
vein. Such collaterals were surprisingly large and numerous in the cirrhotic 
livers examined. The tiny, nonbranching vessel to the right is a patent umbilical 
vein. Note the plexus of enlarged hepatic arteries (black) along each portal 
vein (gray). X 1.5. 
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15. Portion of the cast of a liver with “thyrotoxic” cirrhosis. A large looping 
anastomosis communicates between a portal vein on the left and a hepatic vein 
at the right center. Large venovenous anastomoses such as this were uncom- 
mon in cirrhotic livers. X 2.5. 


16. Cast of a liver with severe congestive (cardiac) cirrhosis from a patient 
with congenital tricuspid insufficiency. The inferior vena cava and the hepatic 
veins are tremendously dilated, and both portal and hepatic veins are distorted. 
The arteries, appearing almost white in the illustration, are enlarged. At “A” 
diaphragmatic arteries and veins have been injected in retrograde manner 
through anastomoses with hepatic arteries and veins. At “B” is seen a large 
collateral para-umbilical vein arising from distal branches of portal veins. 
X 0.45. 


| 
| 


Sept.—Oct., 1959 IN JECTION-CORROSION STUDIES 


941 

” 
q 
- 
xe 
a 
~~ 
; 


| 
| 


NODULAR REGENERATIVE HYPERPLASIA OF THE LIVER* 


Paut E. Stermer, M.D. 
From the Institute for Cancer Research and Department of Pathology, 


School of Medicine, University of Pennsylvania, Philadelphia, Pa. 

The purpose of this communication is to emphasize that hepatocytic 
hyperplasia or regeneration may take place in the absence of fibrous 
tissue proliferation, that it may be nodular, and that the resulting 
lesion, here called nodular regenerative hyperplasia, may simulate 
cirrhosis without, however, meeting the precise criteria and definition 
of cirrhosis. This condition is not cirrhosis, does not necessarily lead 
to cirrhosis, has a different significance from that lesion, and ought 
not be confused with it if statistics are to be meaningful. 

For distinction and discussion in this paper, cirrhosis may be de- 
fined as a pathologic process in the liver, characterized by nodular 
hyperplasia or regeneration plus a fibrous tissue increase in the form 
of scars, bands, membranes or septums, both components together 
resulting in distortion of the normal lobular architecture. The normal 
lobular pattern is altered by the combined effects of the two abnormal 
processes, and both components are essential by definition. This is 
in agreement with opinions voiced at the Havana’ and Kampala? 
conferences. 

Nodular regenerative hyperplasia, as here described, fails to meet 
that definition of cirrhosis because it lacks the fibrous bands, scars 
or septums. On the other hand, the fibrous tissue may be increased 
in a liver without appreciable parenchymal hyperplasia, and this con- 
dition, designated hepatofibrosis, also is not cirrhosis. That is not to 
deny that these two conditions, nodular regeneration and hepato- 
fibrosis, are important. 

The essential features of nodular regenerative hyperplasia are illus- 
trated in a series of cases by Figures 1 to 12. The nodular appearance 
of such livers is shown by Figures 1 to 7. Higher magnifications of 
some nodules in Figures 3 to 7 show that this nodularity is due to 
liver cell proliferation, and this fact is verified also by the higher 
power views in Figures 8 and 9. The absence of new fibrous tissue 
and of fibrous scars or septums is shown in Figures 1 to 7 and 10 to 
12; only pseudo-septums are present. They are false in the sense that 
they are composed of structures other than connective tissue. 

Stains for connective tissue and for reticulum were made in some 
of these cases. New collagen was not formed about the nodules. The 
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reticulum fibers around the nodules showed dislocation and a relative 
increase because of atrophy of the parenchyma and compression. With 
experience and thin well-stained sections, the condition can be recog- 
nized and distinguished from cirrhosis without stains for fibrils. 

Regions in which atrophy of liver cells (Figs. 10 to 12) or necrosis 
of liver cells (Fig. 12) had occurred may display some degree of con- 
densation of the pre-existing stromal elements without this fibrillar 
substance becoming compact or fused. When such regions are linear, 
they may falsely simulate the septums or bands of cirrhosis. Such 
suggestions of cirrhosis are also caused or enhanced by the com- 
pressive effects of the expanding regenerated nodules of liver cells 
distorting or displacing normal anatomic structures such as portal 
tracts or central veins (Fig. 11). The resulting alterations appear 
nodular, and may be mistaken for cirrhosis unless a more precise 
analysis is made. 

In nodular regenerative hyperplasia the nodules are small, usually 
less than an anatomic lobule in size, and one or more to the lobule. 
Rarely are they larger than a liver lobule. Grossly, a slight degree 
of irregularity of the lobular architecture is usually visible, as well 
as an accentuation of the lobules. The condition is present throughout 
the liver, which is smaller on the average than normal. The appear- 
ance is suggested by the original diagnoses which were mild cirrhosis 
or chronic passive congestion. 

The nodules are recognized as being composed of new liver cells 
by their abnormal relation to the portal tracts and the veins (Figs. 
4 to 11), irregularity of the liver cords, enlargement of the liver cells, 
great frequency of binucleate cells, occasional presence of mitotic 
figures, and by the evidences at the margins of the compressive effects 
of expanding nodules (Figs. 1 to 7 and ro to 12). 

The only serious confusion in differential diagnosis is with the 
appearance in a section marginal to a portal area in a liver which has 
also a severe grade of passive congestion. There is no problem in dif- 
ferential diagnosis when the plane of the section strikes the portal 
tract because the typical lesion of central passive congestion is then 
easily recognized. 

In regenerative nodular hyperplasia, band-like zones, mimicking 
the fibrous bands, septums, or membranes of cirrhosis, may be pro- 
duced by the compressive effects of expanding nodules without any 
fibrous increase having occurred. In such regions atrophy or the 
actual loss of liver cells, whether by a process of atrophy or necrosis, 
permits the pre-existing fibrillar stroma to come closer together. Par- 
tial collapse leads to a relative increase of stroma in the area, but 
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the fibrils are not fused, and many remain separated by epithelial 
cells. Viewed uncritically, such a zone may suggest the fibrous band 
of true cirrhosis and lead to this diagnosis. 

It is true that with the complete and final disappearance of paren- 
chymal cells from such an area, the resulting collapse permits juxta- 
position of the fibrillar framework and its eventual fusion to form a 
fibrous band or septum. By accretion and the formation of additional 
collagen, this band may grow, as it does in cirrhosis. Thus, cirrhosis 
may develop from nodular hyperplasia if the causative factors persist 
long enough. On the other hand, the condensed band-like area in 
nodular hyperplasia may re-expand by regeneration of its hepatocytes 
just as it does in the regeneration which often follows in the areas of 
collapse accompanying severe central passive congestion. 

Nodular hyperplasia is not in itself a progressive lesion. Only if 
liver injury, which precedes it, is repeated and severe do the effects 
produce a fibrous increase and, thus, cirrhosis. 

The cause of this lesion is liver damage; it represents a reparative, 
proliferative phase which is nodular. The livers were slightly below 
average weight, indicating loss of hepatic substance which had not 
yet been fully compensated by regeneration. 

The injury which induces this nodular type of hyperplasia or re- 
generation is probably irregular in its distribution within the lobule. 
The stimulus to regeneration produced by the insufficient liver volume 
consequent to partial hepatectomy leads to uniformly enlarged an- 
atomic lobules. 

Nodular hyperplasia, of the type here described, is not rare. It has 
been possible without difficulty to accumulate about a dozen speci- 
mens in necropsy collections examined in Africa in 1957 and at the 
University of Chicago. Its frequency has not been systematically 
determined; it would vary with the frequency of the ailments which 
it accompanies. It has been found associated with a variety of major 
diseases, the commonest of which have been the passive congestion 
of severe heart failure and tuberculosis. In no instance was hepatic 
abnormality recognized clinically. 

There is no reason, statistical or otherwise, to believe from the 
nature of the major disease with which nodular regenerative hyper- 
plasia was associated that it was the early stage of the common forms 
of cirrhosis. At the same time it is probable that some of the cases, 
with repetition of the insults, might have developed the special pattern 
of central cardiac cirrhosis. From what is known of the etiology and 
pathogenesis of the two commonest varieties of cirrhosis, namely, post- 
necrotic and portal cirrhosis, nodular regenerative hyperplasia as here 


946 STEINER Vol. 35, No.5 


described is not necessarily a way station in their development. It is, 
therefore, not called “early” cirrhosis. 

By the use of criteria and standards which were less precise than 
those here defined and advocated, some of these cases had earlier been 
diagnosed as mild or “early” cirrhosis. To regard them as such is 
now believed to be undesirable, inasmuch as their significance is dif- 
ferent and they would confuse the thinking on the pathogenesis of 
true cirrhosis. Probably only those cases occurring in cardiac decom- 
pensation would ever have progressed to cirrhosis, and that of the 
ambiguous central lobular type. Until the situation is clarified, it is 
probably best to retain nodular regenerative hyperplasia without 
fibrosis as a category separate from the cirrhosis and the hepatofibrosis 
groups. The statistics on cirrhosis would be more meaningful, precise, 
and comparable if the cases of nodular hyperplasia and hepatofibrosis 
were kept in separate categories. 

Edmondson has emphasized the condition of “multiple nodular 
hyperplasia” as it is seen in cirrhotic livers.* The nodules are some- 
times large. By definition, this condition may be accepted as, in 
greater or less degree, a regular part of the lesion of cirrhosis. 


SUMMARY 


Nodular regenerative hyperplasia of the liver is characterized by 
innumerable small areas of focal regeneration more or less distinctively 
demarcated by adjacent compressive, atrophic, other degenerative, and 
circulatory effects. Lacking a true increase in fibrous tissue, the lesion 
does not conform to the definition of cirrhosis, which it may some- 
times resemble. It represents a regenerative phase, after parenchymal 
damage of local character, within the lobules but generalized through- 
out the liver. 

It was found fairly commonly in damaged livers associated with a 
wide variety of conditions, the commonest of which was passive hy- 
peremia of cardiac decompensation. It is not in itself a progressive 
lesion, and is not “early” cirrhosis. If the causative factors for the 
hepatic damage persist, it is conceivable that cirrhosis of the central 
or cardiac type may develop, but the lesion is not an early stage of 
portal or postnecrotic cirrhosis. Statistics on cirrhosis would be more 
accurate, meaningful, and comparable if cases of nodular regenerative 
hyperplasia were classified separately. 
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LEGENDS FOR FIGURES 


All sections were stained with hematoxylin and eosin. 
Figures 1 to 3 show the low power appearances of the liver in 3 cases. 

Fic. 1. One distinct regenerative nodule and others that are less distinct, separated 
by pseudo-septums of several types. Case 1. Man, age 87. Liver weight, 1,300 
gm.; finely granular. X 42. 


Fic. 2. The regenerative nodules are small but clearly seen because of their central 
large pale cells. The pseudo-septums are poorly developed. Case 3. Woman, 
age 71, died of complications after resection of a cecal tumor. Liver weight, 
1,550 gm.; had irregular lobules. X 42. 


Fic. 3. Portions of several nodules distinctly demarcated by atrophic and con- 
gested zones but without increase in fibrous tissue. Case 4. Woman, age 65, 
died after repeated episodes of cardiac decompensation with coronary occlusion. 
Liver weight, 1,630 gm.; lobules irregular in size. X 42. 


Fic. 4. Distinct regenerative nodule adjacent to a small portal tract, demarcated 
by a zone of atrophy and hyperemia. Case 1. X 85. 
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5. Here the regenerative nodule is subcapsular, although others were present 
elsewhere. Adjacent compression effects and atrophy are distinct. Case 6. 
Man, age 56, died of Whipple’s intestinal lipodystrophy. Liver weight, 1,720 
gm.; anatomic lobules were not grossly visible. X 75. 


6. The regenerative nodule is adjacent to a small central vein, seen above. 
Compression effects and atrophy of adjacent liver cords are evident. Case 5. 
Man, age 20, died after many bouts of decompensation; chronic rheumatic 
valvular disease. X 75. 


7. One distinct nodule and margins of others, set off by compressive and 
atrophic alterations. Woman, age 62. X IIo. 


8. A high power view within nodule to show atypical plump cords, enlarged 
liver cells, and frequent binucleate cells found in new hepatic tissue. Hyper- 
chromatism and enlargement of many nuclei may be seen. Case 4. X 365. 
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g. Another high power view within nodule, showing atypical plump cords, 
enlarged liver cells, and frequent binucleate cells. Case 1. X 365. 


Figures 10 to 12 illustrate in greater detail the zones between the nodules which 
falsely produce the appearance of septums or bands. 


Fic. 


FIG. 


Fic. 


to. A distinct band-like zone consists chiefly of greatly compressed liver cords 
with atrophic cells. Case 2. X 322. 


11. A branching structure. which separates regenerative nodules, consists of 
displaced and compressed portal and central structures and their surrounding 
supporting tissues. There is here no new formation of fibrous tissue. Case 3. 
xX 85. 


12. The band-like zone at the margins of a distinct nodule is composed of 
collapsed hepatic stroma and leukocytes; hepatocytes have disappeared. Spe- 
cial stains showed condensation of pre-existing fibrillar structures in such areas, 
with a relative increase but no recognizable new formation. Case 8. X 322. 
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SIGNIFICANCE OF HEMATOXYLIN BODIES IN THE NECROPSY 
DIAGNOSIS OF SYSTEMIC LUPUS ERYTHEMATOSUS * 


Joun W. Jr., M.D.7; Arcaie H. Baccenstoss, M.D., and 
Matcotm M. Harcraves, M.D. 


From the Section of Pathologic Anatomy and the Section of Medicine, Mayo Clinic 
and Mayo Foundation, Rochester, Minn. 


Systemic lupus erythematosus is commonly characterized by diffuse 
and nonspecific manifestations. Often the symptoms are vague and 
the physical findings minimal even in patients who are obviously 
critically ill. The clinical diagnosis without the demonstration of the 
lupus erythematosus (LE) cell is frequently a difficult one to estab- 
lish. At necropsy also, the obsefvations may be minimal and nonspecific 
despite a prolonged illness, and often the diagnosis cannot be estab- 
lished on a morphologic basis alone. The LE cell and the LE cell 
phenomenon clinically provide what is generally considered a highly 
specific test for systemic lupus erythematosus. According to published 
reports, the hematoxylin body possesses the same significance in nec- 
ropsy material.?* 

Hematoxylin bodies are reddish-purple, amorphous, usually ovoid 
or spindle-shaped; each is approximately the size of a nucleus. They 
are found in the tissues, where they occur singly (Figs. 1 and 2), in 
clusters, and, at times, coalesced to form masses (Fig. 3). Histochemi- 
cal studies have shown that the hematoxylin body is derived from 
nuclear substance and that it is very similar to the inclusion body of 
the LE cell.** In the formation from nuclei, the alterations appear 
primarily to involve nucleoproteins, rather than nucleic acids as was 
thought earlier.® 

The bodies were initially identified and described by Gross,** who 
observed them in cardiac lesions and considered them to be character- 
istic of and probably specific for lupus erythematosus. Klemperer and 
associates,’ the first to report an extensive study of hematoxylin bodies, 
found them in 32 of 35 cases of lupus erythematosus. In a control 
group they found none except in one case of scleroderma which also 
showed the lesions of lupus erythematosus. They concluded that free 
hematoxylin bodies were specific structural features of lupus ery- 
thematosus and that they originated in a characteristic alteration of 


* Abridgment of a thesis submitted by Dr. Worthington to the Faculty of the 
Graduate School of the University of Minnesota in partial fulfillment of the requirements 
for the degree of Master of Science in Medicine. 

Received for publication, December 15, 1958. 

+ Fellow in Medicine, Mayo Foundation. The Mayo Foundation is a part of the 

Graduate School of the University of Minnesota. 
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nuclei of mesenchymal cells. Gueft and Laufer? found hematoxylin 
bodies in 13 of 14 cases of systemic lupus erythematosus, but did not 
find them in renal and ovarian tissue from 50 control cases. They con- 
cluded that the bodies constituted a reliable criterion for the diagnosis 
of systemic lupus erythematosus in necropsy tissues. 

Differing opinions concerning the significance and incidence of hema- 
toxylin bodies have been expressed. Ross and Wells,® in a review of 
the literature in 1953, stated that their significance had not finally 
been determined. Teilum and Poulsen® were able to find them in only 
6 of 15 cases of disseminated lupus erythematosus, and their detection 
usually required prolonged careful search. Dubois,’® using the term 
“hematoxylin bodies” to include both the bodies in the tissues and the 
lysed nuclear masses found in LE cell preparations, stated that their 
presence was highly suggestive of the disease, but not diagnostic, as 
similar alterations might be encountered in scleroderma and hyper- 
globulinemia. Worken and Pearson" reported the only documented 
case of which we are aware, in which hematoxylin bodies were found 
in a patient not believed to have lupus erythematosus. 

In view of the potential significance of a pathognomonic necropsy 
lesion in systemic lupus erythematosus, and the lack of full agreement 
as to the significance of hematoxylin bodies as expressed in current 
literature, the present study was undertaken to evaluate further the 
diagnostic significance of these bodies. 


MATERIAL AND METHOD 


Twenty consecutive necropsy cases encountered between 1950 and 
1955 which met certain diagnostic requirements for systemic lupus 
erythematosus were investigated. The minimal diagnostic requirements 
for inclusion of a case were that it meet at least 2 of the following 3 
specifications: (a) a clinical history supportive of the diagnosis; 
(b) necropsy findings supportive of the diagnosis; and (c) the pres- 
ence of LE cells in peripheral blood or bone marrow preparations. 
Material utilized included the clinical history, necropsy protocols, and 
histologic sections of all the organs except the brain. Sections of tissue 
fixed in 10 per cent neutral formalin, cut at 7 » and stained with hema- 
toxylin and eosin were examined. Feulgen, Mallory-Heidenhain, von 
Késsa and other special stains were used when indicated. Hematoxylin 
and eosin and Feulgen stains of consecutive tissue slices were utilized 
in the investigation of agglomerates and masses. The histologic sections 
were examined under an oil-immersion-lens system at a magnification 
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of 970 or under a high quality dry lens system at a magnification of 
600. The “high-dry” lens system with a magnification of 430 as found 
on most medical microscopes was not adequate for consistent differen- 
tiation of single hematoxylin bodies from simulative material. 

Tissues from 50 selected control cases were examined. The controls 
included a minimum of 4 cases with each of the following conditions: 
bacterial endocarditis; acute, subacute and chronic glomerulonephritis; 
periarteritis nodosa; generalized scleroderma; dermatomyositis; rheu- 
matoid arthritis; and acute rheumatic carditis. Control sections were 
of the heart and kidney, which were selected because they manifest a 
high incidence of hematoxylin bodies in lupus erythematosus,”* are 
often extensively affected in diseases that may resemble systemic lupus 
erythematosus, and frequently contain degenerative and necrotic ma- 
terial resembling hematoxylin bodies. A section cut to include a cross 
section of the posterior mitral valve leaflet, valve ring, atrial wall and 
ventricular wall was examined at a magnification of 970 or 600. Peri- 
vascular areas and lesions in the myocardium were investigated in the 
same manner. Tissue from the kidney was examined under similar 
magnification until 60 glomeruli had been encountered. 

Additional control material consisted of sections from necrotic 
lymph nodes associated with various diseases, of tissue selected to 
show varying types of necrosis, and of 20 routine necropsy cases taken 
at random. 

In a preliminary investigation based on all available descrip- 
tions?**'2"* much difficulty was encountered at times in distinguish- 
ing single hematoxylin bodies from simulative material. The greatest 
difficulty encountered was in distinguishing them from fragments re- 
sulting from other types of nuclear breakdown, particularly karyolysis. 
Several instances of homogeneous nuclear-sized masses indistinguish- 
able from single hematoxylin bodies were found in areas of gross 
necrosis in other conditions (Fig. 4). Certain other material, also pri- 
marily in areas of necrosis, could be distinguished only with consider- 
able difficulty. Although results of histochemical studies are known, 
hematoxylin bodies are still recognized primarily by their morphologic 
characteristics and their staining reaction with hematoxylin and eosin. 
On the basis of the difficulties encountered in the preliminary investi- 
gation, precise criteria for the identification and differentiation of 
hematoxylin bodies were established. Emphasis was placed on exclu- 
sion of all material that might simulate hematoxylin bodies and pro- 
duce false positive results when used as a diagnostic feature. 
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Criteria for Hematoxylin Bodies Occurring Singly 
and in Small Groups 


The size of the single hematoxylin body is approximately that of a 
cell or a nucleus. It is usually round or oval, but not necessarily so. Its 
color when stained with hematoxylin and eosin is variable and may 
range from purplish red to pinkish blue. It must be amorphous and 
free from chromatin dots or particles. Some mottling is permissible, 
the chromatin at times having an “ironed-out” appearance. It must be 
free of cytoplasm. It is translucent and generally less dense than the 
normal nuclei in the field. It must have a reasonably defined nonre- 
fractile border. To exclude similarly staining cytoplasm, it must be 
distinct from the cytoplasm of adjacent cells. The single bodies and 
small groups of up to 6 or 8 component single bodies must not be in an 
immediate area of necrosis. Nuclear debris must be absent from the 
immediate area, and nuclei with well defined, distinct chromatin pat- 
terns must be present in the area. (This requirement was designed to 
eliminate much of the problem of distinguishing the single hematoxylin 
body from a nucleus undergoing karyolysis.) 


Criteria for Hematoxylin Bodies Occurring as Clusters, 
Agglomerates, or Masses 


Large hematoxylin bodies occurring as clusters, agglomerates, or 
fused masses of single bodies may vary in size from small clumps to 
masses several hundred microns in diameter. They may and often do 
occur in areas of necrosis. A lower limit in size for acceptable aggre- 
gates of hematoxylin bodies occurring in areas of necrosis is set at the 
equivalent of 6 to 8 nuclei. The masses must have no structural pattern 
but need not be homogeneous. They are relatively dense, and are purple 
to purplish red when stained with hematoxylin and eosin. Adjacent 
and identifiable component single bodies must meet all the require- 
ments for single bodies other than that relating to presence in an area 
of necrosis. If transitions from nuclei or single hematoxylin bodies to 
clumps and masses cannot be traced in the given organ, the masses 
must either take the Feulgen stain or must not take stains used to 


demonstrate calcium. 
RESULTS 


Hematoxylin bodies were found in 2 or more organs in 17 of the 20 
cases of systemic lupus erythematosus. They were present in widely 
scattered locations (Table I). In general, they were seen most fre- 
quently at sites where fibrinoid alteration of the collagen was associated 
with a mild inflammatory reaction. 
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The greatest incidence of hematoxylin bodies was in the heart, 
where they were present in 15 cases. Here they were found primarily 
in the endocardium and were encountered most frequently at the valve 
ring and in adjacent portions of valvular and mural endocardium 
(Fig. 1). They occurred singly, in clusters, in wavelike strata, and in 
agglomerates. Most often seen were scattered single hematoxylin 
bodies, the large agglomerates being found in only 3 cases, in which 
they occurred in portions of valves showing valvulitis. Six of the cases 
were characterized by nonbacterial verrucal endocarditis of the Lib- 
man-Sacks type; hematoxylin bodies were found in all these cases. 

The bodies were found in the kidney in 12 of the 20 cases. They 
occurred most frequently as single bodies in the lumens of the giomer- 
ular capillaries. Other sites of involvement included the walls of ves- 
sels and the glomerular tuft near the hilus; here they occurred singly 
or as small agglomerates. They were rarely encountered in the inter- 
stitial tissues. While occasionally hematoxylin bodies could be readily 
found in many glomeruli, they were generally found only after careful, 
prolonged search of many glomeruli. “Wire-loop” thickening of the 
glomerular basement membrane was observed in 13 cases. Hyaline 
thrombi were occasionally seen in the glomerular capillary lumens, 
and at times they showed a slight basophilic staining. The resultant 
appearance was suggestive of a pale-staining hematoxylin body. Focal 
loop necrosis of the glomeruli was present in 5 cases. Destruction of 
nuclei in the involved loop was usually present, as evidenced by 
nuclear debris. Hematoxylin bodies were occasionally found as small 
clusters in the areas of focal necrosis. Single hematoxylin bodies also 
undoubtedly were present, but because of the uncertainty in distin- 
guishing them from other types of lysed nuclei, they were excluded 
by the criteria used in the study. The bodies, while present in kidneys 
showing minimal or no evidence of other involvement, were more 
readily found in kidneys showing extensive anatomic change. 

Hematoxylin bodies were found in the ovary in 8 cases. They oc- 
curred almost exclusively as scattered single bodies in the walls of 
arteries and arterioles (Fig. 2). The lymph nodes contained them in 6 
instances. In 3 of these, they were present as large purplish masses 
filling dilated sinuses and occurring in zones of extensive necrobiosis 
(Fig. 3A). The large masses were surrounded in each instance by 
smaller agglomerates and by single hematoxylin bodies (Fig. 3B). 
Although the large masses were striking in appearance when seen, 
more frequent was a single hematoxylin body occurring usually in the 
capsular tissue in lymph nodes that showed little evidence of other 
change. The bodies were seen occasionally in the walls of pulmonary 
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vessels and in the pleural and subpleural tissue. They were infrequently 
observed in the spleen. The laminated periarterial “onion-skin’”’ fibrosis 
often present in the spleen in lupus was observed in 15 cases. In the 
sections of bone marrow, hematoxylin bodies were conspicuous by their 
complete absence; in each case, multiple sections of both vertebral and 
sternal marrow were examined. 

Where hematoxylin bodies were numerous, cells showing similar 
nuclear changes, namely, homogenization and altered staining, were 
often encountered. Histiocytes, lymphocytes, neutrophils, and fibro- 
cytes could be identified as showing such changes. As had been 
observed previously,? only mesenchymal cells were so affected. 

In general, the greatest number and widest distribution of hema- 
toxylin bodies encountered occurred in the cases which were the most 
typical of lupus erythematosus both clinically and pathologically, 
whereas a smaller number, or absence, of the bodies was observed in 
the less typical and the atypical cases. There was no apparent correla- 
tion between the presence of the bodies and the age of the patient or 
duration of illness. The ages of the patients ranged from 4 to 47 years, 
the majority being in the second and third decades of life. All were 
female. All but one had been treated with cortisone or related drugs. 
LE cells had been demonstrated in 18 cases and had been searched for 
in all 20. Multiple hematoxylin bodies were found in one case in 
which the search for LE cells had been unsuccessful on 3 occasions, 
but no hematoxylin bodies were found in the second case in which 
search for LE cells had been unsuccessful. LE cells had been demon- 
strated during life in 2 of the 3 cases in which hematoxylin bodies 
were not found. 

In 3 of the 70 control cases, material was present that could not be 
distinguished from a single hematoxylin body. In the first of these 
cases, there was generalized scleroderma with typical skin changes 
and extensive renal involvement, including thickening of the glomer- 
ular basement membrane, “wire loops,” and areas of infarction. A 
single nuclear-sized, purplish-red mass, indistinguishable from a hema- 
toxylin body, was found in a glomerulus. Several cells seen in sections 
of the kidney from this case had reddish, somewhat homogeneous 
nuclei, but only the one mass meeting all the requirements for a hema- 
toxylin body was found in a search of all organs. The heart and spleen 
contained no lesions suggestive of systemic lupus erythematosus. In 
the second control case, one of portal cirrhosis, one mass indistinguish- 
able from a single hematoxylin body was found in the endocardium 
near the base of the mitral valve. No other lesions were present in 
the area, and no nuclei were seen showing the changes characteristic 
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in the development of hematoxylin bodies. In the third control case, 
one of subacute glomerulonephritis and multiple myeloma, a similar 
single mass without accompanying alterations was found in the same 
location as in the second case. Further study of the last two cases 
revealed no additional lesions of this type,-and nothing indicative of 
systemic lupus erythematosus was found in the clinical record or 
among the other pathologic features. Material closely resembling and 
at times indistinguishable from single hematoxylin bodies was found 
on several occasions in areas of necrosis, especially in cases of endo- 
carditis and periarteritis. These bodies were ruled out on the basis of 
their occurrence in areas of necrosis. In the control cases nothing was 
encountered except calcium deposits which resembled clusters or 
agglomerates of hematoxylin bodies, regardless of the degree of necro- 
sis or of other changes in the tissue. 


CoMMENT 


The basic morphologic characteristics of the single hematoxylin 
body are that it is amorphous, purplish red, and approximately the 
size of a nucleus. Since these are nonspecific, the chance occurrence of 
similar-appearing material might well be expected. In distinguishing 
single hematoxylin bodies from simulative material, the greatest diffi- 
culty encountered was in regard to other types of nuclear breakdown. 
Homogenization and lysis of the nuclear chromatin,**> forms of nu- 
clear alteration or breakdown, are believed to be an initial step in the 
formation of the hematoxylin body and the inclusion body of the LE 
cell. The conventional types of nuclear breakdown include pyknosis, 
karyorrhexis and karyolysis. Nuclei undergoing pyknosis and karyor- 
rhexis can be readily differentiated from hematoxylin bodies by their 
dissimilar appearance. Karyolysis presents a greater problem. It, like 
formation of the hematoxylin body, is also a process of nuclear lysis. 
In karyolysis as defined in standard textbooks of pathology, the 
nucleus stains progressively less deeply with basic dyes, though its 
shape may be retained.’*** The cytoplasm may be dissolved by fer- 
ments.**** At certain stages in the process of karyolysis, a cell may be 
present as an altered, essentially homogeneous, bluish-pink staining, 
nuclear-sized mass that is free from cytoplasm (Figs. 4 and 5). As 
such, it may be indistinguishable from the free hematoxylin body of 
lupus erythematosus. 

Polychromatophilic erythrocytes may simulate single hematoxylin 
bodies when they are heavily stained with hematoxylin and lack the 
usual biconcave shape. The cytoplasm of histiocytes when cut so as 
not to include the nucleus, precipitated protein such as occurs at sites 
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of pulmonary edema and in renal tubules, and nuclei in slides with 
imperfect staining or fixing of the tissue may also be misinterpreted. 
The large agglomerates and large clusters of single bodies appear to be 
relatively distinctive in appearance. 

The observations that certain material in zones of necrosis may be 
indistinguishable from hematoxylin bodies and that material indis- 
tinguishable from single hematoxylin bodies was encountered in non- 
necrotic areas in 3 cases without lupus erythematosus cast doubt on 
the specificity of these elements. It should be emphasized that when 
viewed from the point of total incidence, frequency, and distribution, 
the pattern of the bodies as seen in systemic lupus erythematosus is 
distinctly different from that of similar-appearing material seen in 
control cases. In the present investigation when hematoxylin bodies 
were found in an organ in lupus erythematosus, with few exceptions 
further search revealed additional bodies elsewhere in the same organ 
and also in other organs. By contrast, the substance found in non- 
necrotic regions in the 3 control cases was limited to a single cell-sized 
body in each instance. That encountered in areas of necrosis among 
the controls was always limited to those regions. The question of the 
specificity of the hematoxylin body must thus be considered in terms 
of these observations. If identification of a number of the bodies meet- 
ing the criteria used in this study were required, then none of the con- 
trol cases would be regarded as manifesting hematoxylin bodies. 

The morphologic, tinctorial, and histochemical similarity of the 
hematoxylin body to the lysed nuclear inclusion mass of the LE cell 
has been pointed out repeatedly. The hypothesis that the LE cell factor 
is the agent responsible for both the LE cell phenomenon and the for- 
mation of the hematoxylin body probably represents the true situation. 
However, there are certain differences in the features of the two proc- 
esses. The LE cell phenomenon is an in vitro process’! except in 
certain special circumstances. The hematoxylin body is an in vivo proc- 
ess as indicated by its presence in promptly fixed needle-puncture 
biopsy specimens from the kidney.” Godman and associates® observed 
certain differences between histochemical reactions of the lysed nuclear 
masses of LE cell preparations and those of hematoxylin bodies in the 
tissues. They indicated that both were of similar origin but that there 
was secondary alteration of the hematoxylin bodies during their so- 
journ in the tissues. The lysed nuclear mass in the LE cell preparation 
has a strong chemotactic attraction for phagocytic cells in supravital 
preparations.*® Although often found at sites of inflammatory reaction, 
the hematoxylin body shows little if any evidence of such attraction 
for phagocytic cells. The bodies observed in this investigation were 
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rarely engulfed by cells and seldom were found in close contact with 
phagocytes. Because of these differences, it seems advisable to reserve 
the term “hematoxylin body” for the lysed nuclear masses found in 
the tissues and the term “lupus bodies” as a generic one to cover both 
the hematoxylin body and the lysed nuclear mass in LE cell prepara- 
tions. 

Probably the major factors pertaining to the incidence of hema- 
toxylin bodies in a given series of cases of systemic lupus erythematosus 
are the diligence and length of time spent in searching for them. Often 
they are found only after prolonged, careful search, using high magni- 
fication. Other factors undoubtedly play a role. In this series the 
bodies were more numerous in classic cases although they were also 
present in less typical cases. Since cortisone and related drugs decrease 
the number of LE cells, these drugs might also be expected to decrease 
the number of hematoxylin bodies as well. All but one of the patients 
in the present group had received cortisone or related drugs, and the 
incidence of the bodies was only slightly less than in previous groups 
in which most of the patients had not received these drugs.”* This 
suggests that the influence of the steroid drugs on the incidence of 
hematoxylin bodies is small or nonexistent. 

The occurrence of hematoxylin bodies in other conditions is reported 
infrequently. Worken and Pearson™ found multiple hematoxylin- 
staining bodies in a 23-year-old man with allergic angiitis. Klemperer 
and associates* observed them in one case of scleroderma which also 
showed anatomic lesions of systemic lupus erythematosus. Dubois,” 
using the term “hematoxylin body” to include hematoxylin bodies in 
the tissues and the lysed nuclear masses found in LE cell preparations, 
stated that hematoxylin bodies could be found in scleroderma and 
hyperglobulinemia. He did not specify whether the material found in 
these diseases was that found in the LE cell preparation or in the tis- 
sues. For reasons previously given, it seems desirable to reserve the 
term “hematoxylin body” for the lysed nuclear material found in the 
tissues. 

In the use of the hematoxylin body as a diagnostic feature, the same 
hazards are encountered as in other methods of cytologic diagnosis. 
The morphologic characteristics of the single hematoxylin body are not 
distinctive enough to permit a “one-cell diagnosis.” Their appearance 
when collected in clusters, agglomerates, or masses, however, is dis- 
tinctive. If the identification of a number of bodies is based upon the 
criteria recommended, their presence appears to be a highly specific 
feature in the necropsy diagnosis of systemic lupus erythematosus. 
Their specificity, when so identified, appears to be greater than any of 
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the other anatomic features of the disease. This specificity, coupled 
with its occurrence in at least 85 per cent of cases of lupus erythema- 
tosus, makes the hematoxylin body a highly significant and useful 
diagnostic feature. 

SUMMARY 

Hematoxylin bodies were found in 17 of 20 consecutive necropsy 
cases of systemic lupus erythematosus. They were seen most frequently 
in the presence of classical clinical and pathologic features, but were 
also encountered in multiple organs even in less typical cases. The 
single hematoxylin body could not always be distinguished from nuclei 
undergoing karyolysis or from other infrequently encountered sub- 
stances with similar appearance. These substances, when observed in 
other conditions, were located in areas of necrosis or appeared as iso- 
lated findings. Criteria for the identification of hematoxylin bodies 
were designed to distinguish them from such simulative material and 
were used in this investigation. When a number of bodies meeting 
these criteria were identified in a given case, their specificity appeared 
to be of high degree and to be greater than that of any other anatomic 
feature of the disease. This specificity, coupled with their occurrence in 
the majority of cases of disseminated lupus erythematosus, indicates 
that hematoxylin bodies constitute highly significant and useful diag- 
nostic features. 
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LEGENDS FOR FIGURES 


Hematoxylin and eosin stain was used in each of the sections from which the 


illustrations were prepared. 


Fic. 1. Multiple single hematoxylin bodies (arrows) in mitral-valve leaflet in a 


case of systemic lupus erythematosus. Normal fibrocytes, fibrocytes with 
smudgy, partially “ironed-out” nuclei, and hematoxylin bodies having the 
shape of fibrocytic nuclei are present. X 600. 


Fic. 2. Hematoxylin bodies (arrows) in an ovarian arteriole in a case of systemic 


lupus erythematosus. X 500. 


Fic. 3. Lymph node in a case of systemic lupus erythematosus. (A) Hematoxylin 


bodies occurring as large masses that fill dilated sinuses. X 90. (B) Hema- 
toxylin bodies occurring singly and as smaller masses. Dense pyknotic nuclei 
and karyorrhectic particles contrast with the smudgy, amorphous, less dense 
hematoxylin bodies. X 500. 
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4. Valvular vegetation with area of necrosis, showing amorphous, reddish- 
purple nuclear material (arrows) which resembles hematoxylin bodies in a 
case of bacterial endocarditis, with no evidence of systemic lupus erythema- 
tosus. XX 600. 


- 


5. Myocardium, showing an area of infarction with lysed, swollen, amorphous 
nuclei (arrows), some of which are free of cytoplasm. These bear marked 
resemblance to hematoxylin bodies. There was no evidence of systemic lupus 
erythematosus. XX 600. 
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STUDIES ON EXPERIMENTAL AMYLOIDOSIS 


I. ANALYsIS OF HISTOLOGY AND STAINING REACTIONS OF 
CASEIN-INDUCED AMYLOIDOSIS IN THE RABBIT* 


Atan S. Conen, M.D.; Evan Carxrins, M.D., and Cwartes I. Levene, M.D. 
From the Medical Services, Massachusetts General Hospital, and the 


Department of Medicine, Harvard Medical School, Boston, Mass. 

In the past 35 years amyloidosis has been produced in a number 
of experimental animals by a variety of techniques. Cattle,’ horses,” 
rabbits,®> hamsters,* guinea pigs,> and mice® all have been reported 
as capable of developing the disease, given the proper stimulus. The 
latter has consisted of either injection, usually serially, of a variety 
of substances, or dietary variations, such as cheese supplements or 
vitamin C deficiency.®* Amyloidosis has also been reported as occur- 
ring spontaneously in dogs’ and in otherwise normal but aged mice of 
certain strains.® 

In our laboratory, the induction of amyloidosis in rabbits by means 
of serial injections of sodium caseinate has provided a reliable and 
reproducible form of the disorder for study. To date, amyloidosis has 
been successfully induced in 120 rabbits. Serial bleedings can be car- 
ried out with ease and splenic biopsy specimens procured readily. 
The disease develops eventually to some degree in nearly 100 per cent 
of injected animals and is histologically similar to the human disorder. 
The chemical and serologic alterations in the blood of these animals 
are the subjects of other reports.®”° 

The present investigation is an analysis of the histologic alterations 
that occur in different parenchymal organs with the evolution of the 
disorder. Since a variety of staining techniques have been used in 
different laboratories in the study of human and experimental amy- 
loidosis, the usefulness of several of these has been compared at the 
onset and in the final stages of amyloidosis. In addition, fluorescence 
microscopy and polarization studies have been performed in an effort 
to characterize amyloid more definitively. 


METHODS 


Thirty-four New Zealand white female rabbits were given subcu- 
taneous injections of 5 ml. of a ro per cent casein suspension twice 


* This is publication No. 253 of the Robert W. Lovett Memorial for the Study of 
Crippling Diseases. Grants in support of these investigations have been received from the 
National Institutes of Health, A-1064 (C-2), and the Eli Lilly Company. 
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weekly, utilizing sterile precautions.* The suspensions were freshly 
prepared each week from commercially available sodium caseinate 
(obtained from the Matheson Company, Inc.) suspended in distilled 
water. No antibiotic agents or other preservatives were added. Peri- 
odic cultures revealed that while most of the suspensions were sterile, 
one occasionally exhibited bacterial growth, especially Bacillus subtilis 
and alpha hemolytic streptococcus. The rabbits were maintained on 
a diet of standard Purina Rabbit Chow (15 per cent protein) and 
water was administered ad libitum. Eight additional rabbits served 
as controls. 

Individual rabbits were sacrificed at intervals of approximately one 
month. Tissues were fixed in neutral formalin and embedded in paraf- 
fin after alcohol dehydration. Serial sections, 5 » in thickness, were 
stained with hematoxylin and eosin, Congo red, van Gieson, methyl 
violet, and crystal violet stains, and by the periodic acid-Schiff reaction. 
The tissues of 12 rabbits sacrificed after varying intervals were stained 
with pyronin methyl green. Unstained sections were examined for auto- 
fluorescence, using a Reichert ultraviolet microscope at’ 365 my, and 
for birefringence, using a Spencer polarizing microscope. Congo red 
stained sections were also examined for fluorescence and birefringence. 

The estimation of the amount of amyloid present in a given case 
was based on the independent appraisals of two observers, using the 
hematoxylin and eosin, Congo red, crystal violet and van Gieson 


stained preparations. 
RESULTS 


General Incidence 


Six rabbits were sacrificed after receiving casein injections twice 
weekly for one month; none showed any signs of amyloidosis (Table 
I). Eight rabbits were sacrificed at the end of 2 months; 3 of these 
had amyloid disease of the spleen. Four of the 6 rabbits sacrificed at 
the end of 3 months of injections also had amyloidosis, as did all rab- 
bits examined after more prolonged periods of casein injections. In 
8 control rabbits, sacrificed at bimonthly intervals, there was no 
evidence of amyloid. 


Gross Appearance and Distribution in Various Organs 


As seen in Table I and Text-figure 1, the earliest site of deposition 
of amyloid was in the spleen. Indeed, all spleen sections from rabbits 
receiving casein for 4 months or more demonstrated amyloidosis. The 


* Many of these rabbits served as controls for various other investigations as yet un- 
published. This group of animals includes only 7 rabbits mentioned in our previous report 
concerning serum changes in amyloidosis.® 
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I 
Incidence and Extent of Casein-Induced 
Amyloidosis in 42 Rabbits Examined 
at Monthly Intervals* 


Rabbit Months of __ Amount of amyloidt 
no. caseint Spleen Kidney Liver 
164 ° ° ° ° 
165 ° ° ° ° 
182 ° ° ° ° 
184 ° ° ° ° 
186 ° ° ° ° 
188 ° ° ° ° 
19g! ° ° ° 
196 ° ° ° ° 
120 I ° ° ° 
127 I ° ° ° 
156 I ° ° ° 
171 I ° 
175 I ° ° ° 
178 I ° ° ° 

98 2 2+ ° ° 
100 2 2+ ° ° 
III 2 ° ° 
121 2 ° ° ° 
122 2 ° ° ° 
136 2 ° ° ° 
148 2 I+ ° ° 
150 2 ° ° ° 
112 3 4+ 3+ 
116 3 3+ 1+ ° 
132 3 3+ ° ° 
170 3 2+ ° ° 
172 3 ° ° ° 
174 3 fe) ° 

67 4 4+ I+ 
115 4 4+ 2+ 2+ 

97 5 4+ I+ 0 

99 5 3+ 2+ it 

47 6 2+ 2+ ° 

56 6 4+ 

58 6 3+ 4+ 0 

87 6 4r © 

89 6 3+ 

94 6 4+ 2+ I+ 

92 7 4+ I+ 

14 10 2+ 3+ ° 

8 12 4+ 1+ ° 


* The first 8 rabbits are controls. 
7 All time intervals adjusted to the near- 
est month. 

¢ Graded as follows: 
© =no amyloid 
1+=1 to 25 per cent replacement 

of the organ 

2+ = 26 to 50 per cent replacement 
3+ = 51 to 75 per cent replacement 
4+ = 76 to 100 per cent replacement 


CASEIN-INDUCED AMYLOIDOSIS 


973 


extent of involvement was vari- 
able. In several animals receiving 
the injections for only 3 or 4 
months, the spleens showed well 
over 50 per cent replacement with 
amyloid. Considerably less was 
seen in the spleen of one animal 
which received injections for 10 
months. 

The normal rabbit spleen was 
dark red, the weight ranging from 
0.5 to 1.5 gm. After one month of 
injections the spleens were no dif- 
ferent in consistency but were 
slightly larger. The spleens of ani- 
mals which received casein for 
longer periods of time and which 
did develop amyloidosis, were not 
only larger but firmer and more 
rubbery. The weight usually was 
greater with larger amounts of 
amyloid deposit. For example, one 
spleen (rabbit No. 100) with 2+ 
involvement had a weight of 4.2 
gm., while that of rabbit No. 99 
with 3+ involvement weighed 5.2 
gm., and the spleen of rabbit No. 
97, with almost total replacement 
(4+), weighed 6.5 gm. 

Renal amyloidosis, primarily 
glomerular in location, was not 
found in animals receiving casein 
for less than 3 months (Text-fig. 
2). After 5 months of casein in- 
jections, however, renal involve- 
ment was invariable. Again, the 
degree of amyloidosis varied from 
rabbit to rabbit. One animal, 
which received casein injections 
for a full year, exhibited a rather 
minor degree of renal amyloidosis. 
Kidneys were weighed in about 
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one fourth of the cases. No changes in weight were demonstrable with 
increasing deposition of amyloid. 

Hepatic amyloidosis (Text-fig. 3) was not marked; the replacement 
never exceeded 50 per cent of the organ. It was observed only once 
in rabbits receiving casein for 3 months or less, and was seen in only 
5 of 14 animals receiving casein for longer periods. The livers with 
amyloidosis were also more firm, dark and rubbery. Weights of this 
organ were not recorded routinely. Lymph node involvement was 
occasionally encountered, but amyloidosis of the heart, skeletal muscle, 
gastrointestinal tract, or skin was not observed. Endocrine organs 
were not regularly examined. 


CASEIN INDUCED AMYLOIDOSIS IN THE RABBIT 
SPLENIC INVOLVEMENT 


8 
6 
NUMBER OF 
RABBITS 5 
WITH NO) gL 
AMYLOID 
3 
2 
4+ 3+ 2+ 2+ 
1 
BER OF 3 
NUM 
RABBITS 4+ 
WITH 4+ 
AMYLOID) 
6r 
Tr 
8 
° 1 2 3 4 5 6 7-12 


MONTHS OF BIWEEKLY CASEIN INJECTIONS 


Text-figure 1. The extent of amyloid is graded 0 to 4+-, as described in the footnote 
to Table I. 


Histologic Appearance 


Spleen. The amyloid initially appeared in the marginal area of the 
red pulp, i.e., perifollicular region (Figs. 1 and 2). Here one observed 
a structureless, apparently amorphous, eosinophilic substance which 
bound Congo red and stained metachromatically with crystal violet. 
The amyloid accumulated extracellularly in the subendothelial region. 
An increase in plasma cells and reticuloendothelial cells was frequently 
seen. Occasionally, the latter contained PAS-positive granules. The 
heterophils (pseudo-eosinophils in the rabbit) were also increased in 
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CASEIN INDUCED AMYLOIDOSIS IN THE RABBIT 
RENAL /NVOLVEMENT 


6 
NUMBER OF 
RABBITS 5 
WITH NO 
AMYLOID 
3 
2 
+ 2+ 1+ 
2+ 2+ 
2+ 3+ 
NUMBER OF 
RABBITS 3+ 
WITH a+ 
AMYLOID) 5+ 
4+ 
6r 
Tr 
° 1 2 3 4 5 6 7-12 


MONTHS OF BIWEEKLY CASEIN INJECTIONS 


Text-figure 2. The extent of amyloid is graded o to 4+, as described in the footnote 
to Table I. 


CASEIN INDUCED AMYLOIDOSIS IN THE RABBIT 
HEPATIC INVOLVEMENT 


8 
6 
NUMBER OF 
RABBITS 5 
WITH NO 
AMYLOID 
3 
2 
2 
NUMBER OF 
RABBITS 
WITH 4 
AMYLOID) 
7 
8 


° i 2 3 4 5 6 7-12 
MONTHS OF BIWEEKLY CASEIN INJECTIONS 


Text-figure 3. The extent of amyloid is graded o to 4+, as described in the footnote 
to Table I. 
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numbers after one to two months of casein injections. The granules 
of the latter cells in both treated and control animals bound Congo 
red, and were distinct from the PAS-positive granules. 

Occasionally, in the early stages of the process, isolated nodular 
deposits in the red pulp or small intrafollicular deposits could be 
observed. With time and increasing numbers of casein injections, the 
amyloid appeared to replace most of the red pulp, sparing only tra- 
beculas, portions of the lymphoid follicles, and the capsule (Figs. 3 
and 4). In several animals one could observe a small focus of more 
intensely eosinophilic substance indistinguishable from “fibrinoid” in 
the red pulp (Fig. 3). This focus bound Congo red weakly, was ortho- 
chromatic with crystal violet and stained dark yellow with the van 
Gieson stain. 

In the animals with the most advanced lesions, there was almost 
total obliteration of the splenic architecture to a point where the sec- 
tions were no longer recognizable as spleen. The red pulp was replaced 
by a relatively acellular, amorphous, glassy material. During the 
development of the amyloidosis, no evidence of simultaneous reabsorp- 
tion was noted. In only one section was a giant cell observed. 

The amyloid substance exhibited similar staining characteristics in 
all stages of the disease. It was eosinophilic, bound Congo red, and 
was metachromatic with crystal violet. It stained olive yellow with the 
van Gieson and light purple with the periodic acid-Schiff stains. Flu- 
orescence microscopy demonstrated a faint blue-green autofluorescence 
at 365 my and a pink fluorescence after staining with Congo red. 
Polarization microscopy showed a faint birefringence of the unstained, 
formalin-fixed sections. Staining with Congo red intensified the bire- 
fringence. 

Kidney. The earliest lesions of amyloidosis in the kidney occurred 
in the glomerular tufts, where hyaline deposits of eosinophilic sub- 
stance were found. The distribution of lesions among the glomeruli 
was fairly even. Further deposition of amyloid within the glomerular 
tufts resulted in their almost complete replacement (Figs. 5 and 6). 
The final stage was one of sclerosis and obliteration of glomeruli. 
Under high magnification, the glomerular deposits appeared in close 
relationship to the capillary endothelium. Accumulations of amyloid 
were seen between the endothelial cells and the basement membrane. 
Occasionally, endothelial cells appeared to be completely surrounded 
by amyloid (Fig. 6). The capillary lumen in advanced cases was all 
but obliterated. 

Simultaneously with the evolution of the glomerular lesion, similar 
but less extensive accumulations of amyloid occurred in the interstitial 


| 
| 
| 


Sept.—Oct., 1959 CASEIN-INDUCED AMYLOIDOSIS 977 


tissues of the kidney. Most commonly the medullary connective tissue 
harbored discrete deposits of amyloid, although occasionally subcap- 
sular or nodular deposits could be found in the cortex. The lesion 
appeared to be most severe in the region of the corticomedullary junc- 
tion (Fig. 7). Rarely was the interstitial deposit as marked as that 
in the glomeruli. High-power views of the medullary deposits also 
showed a close relationship to capillary basement membranes and 
interstitial connective tissue elements. The staining characteristics of 
the renal deposits were identical with those in the spleen. 

With the PAS stain, the capsular as well as the glomerular basement 
membranes appeared thickened. Occasionally, within Bowman’s space, 
“crescents” were observed. These were eosinophilic, and orthochro- 
matic when stained with crystal violet; they did not bind Congo red, 
and appeared yellow with the van Gieson stain. Late in the disease, 
colloid casts were often present in the tubules. The casts, too, were 
eosinophilic and did not bind Congo red. With one exception, they 
were orthochromatic when stained with crystal violet. They usually 
were stained bright violet with PAS. 

Liver. In the series of 34 rabbits treated with casein, only 6 showed 
hepatic deposit of amyloid, and usually this was not marked. The 
distribution was periportal in 2 cases, and more diffuse in the remaining 
4 (Fig. 8). Two of the latter had a tendency to more marked involve- 
ment of the centrilobular region. The amyloid appeared to accumulate 
between the parenchymal and the Kupffer cells. With progressive 
deposition, the parenchymal cells were obscured and were replaced 
by nodular masses of amyloid. The staining characteristics of the 
amyloid in the liver were identical with those in the spleen and kidney. 


DISCUSSION 


The observations reported are of interest in two respects. First, 
they illustrate the histologic sequence in the development of amyloid- 
osis, and second, they provide an opportunity to evaluate the useful- 
ness of various staining and optical methods in the detection of the 
substance and to learn more of its nature. 

Histologic evidence of abnormal activity in the spleen was apparent 
during the course of casein injections, even before the first appearance 
of amyloid. Reticuloendothelial proliferation was noted in the mar- 
ginal zone of the red pulp by the end of one month. At that time 
increased numbers of plasma cells and heterophils were observed. 
In some instances PAS-positive, and in rare cases, pyroninophilic sub- 
stance was found in the reticuloendothelial cells. None of these fea- 
tures, however, were consistently observed in all animals at the end 
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of one or two months’ time, and they varied greatly in magnitude. 

The relation of any one of the observations to the pathogenesis of 
amyloid is uncertain at present. Although plasma cell proliferation 
is often associated with antibody formation, there are conflicting re- 
ports in the literature as to the role immunologic phenomena play in 
the genesis of amyloid.**?* The increase in the number of heterophils 
noted was far more impressive than the increase in plasma cells. The 
fact that the granules of the heterophils (pseudo-eosinophils) bound 
Congo red was considered to be a nonspecific feature since the hetero- 
phils of untreated controls exhibited an identical staining reaction. 

It was of interest that the greatest and earliest increase of heterophils 
and plasma cells, and, indeed, the earliest appearance of amyloid, was 
in the marginal zone of the red pulp. This region has been described 
as functionally transitional between red and white pulp. It has been 
said to be a very active part of the spleen, and perhaps the portion 
controlling blood cell sequestration and other splenic adaptive func- 
tions.?*-1* 

The presence of PAS-positive and pyroninophilic substances in the 
spleen has been noted and extensively discussed by Teilum.’® He 
regarded them to be indicative of glycoprotein synthesis. This assump- 
tion is supported by the fact that the animals, by the end of one month, 
also demonstrated marked increase in serum hexosamine concentration, 
indicating increased concentration of serum glycoproteins.* On the 
other hand, in the present investigation, the amount of PAS and 
pyroninophilic material was far less than that described by Teilum. 
Some of these differences may be accounted for by differences in his- 
tologic technique. However, the evidence that these histologic features 
per se denote abnormal glycoprotein synthesis would seem to be cir- 
cumstantial. The conclusion that simply because the accumulation of 
PAS-positive and pyroninophilic material precedes the development of 
amyloidosis, the former substance is a precursor of the latter does not 
appear to be justified. The nonspecific nature of the staining reactions 
and the lack of understanding of their chemical nature make it difficult 
to appreciate their basic significance. 

Histologic evidence of renal amyloidosis was first seen in one rabbit 
after 3 months of injections, but in most animals it was delayed until 
the fourth or fifth month. In Richter’s’® studies of amyloidosis in- 
duced in rabbits by sodium ribonucleate, the renal lesions also occurred 
much later than in the spleen. Colloid casts were present in 11 of 15 
rabbits with kidney amyloidosis and in 2 of the animals with no renal 
amyloid. In all instances the casts were eosinophilic, orthochromatic, 
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strongly PAS positive, and failed to stain with Congo red. These 
reactions suggest that these proteins differ from amyloid. 

Hepatic involvement in this series was minimal. When small accu- 
mulations of amyloid did occur, they were localized between Kupffer 
and parenchymal cells. These observations are similar to those pre- 
viously reported. The overall distribution in casein-induced amyloidosis 
of rabbits is, therefore, parenchymal—resembling the so-called “sec- 
ondary” amyloidosis in human subjects. 

The rabbits with experimental amyloidosis provide an excellent 
opportunity for investigation of the histologic characteristics of this 
substance in different stages of its development. The appearance of 
the amyloid was identical from organ to organ and did not vary with 
duration. The deposit in the spleens of animals sacrificed at 2 to 3 
months stained identically with that in those sacrificed at 6 to 8 
months. It had similar characteristics in all organs no matter what 
the time of sacrifice. 


Evaluation of Histologic Techniques 


Hematoxylin and Eosin. Apart from its obvious use in conventional 
tissue evaluation, this stain was often sufficiently distinctive to make 
one suspect amyloid strongly in moderately and severely affected 
organs. Its use alone, however, was never felt to be conclusive in 
view of the possibility of confusion of amyloid with other extracellular 
eosinophilic deposits of different nature. In addition, minimal amounts 
of amyloid could be overlooked easily. 

Congo Red. The use of this dye in the histologic demonstration of 
amyloid is classic. Nonetheless, it proved to have certain disadvan- 
tages in our hands. Unless the sections were carefully decolorized, 
dense collagenous tissue often bound considerable amounts of the dye. 
Moreover, the faintness of color precluded its use in fully appraising 
minimal depositions. As will be described subsequently, however, 
fluorescence and polarization studies after Congo red staining were 
more significant. 

Metachromatic Dyes. Although metachromatic dyes have been 
known since 1875, they are only now being characterized."7 Meta- 
chromasia is a subject of controversy because of the complex nature 
and often impure composition of the dyes involved. However, as a 
tool in the diagnosis of amyloidosis, it has proved to be of great 
value. In the present investigation, methyl violet (color index, 680) 
was first used to test for metachromasia. However, because of occa- 
sional variations in staining and the impure composition of this dye 


980 COHEN, CALKINS AND LEVENE Vol. 35, No.5 


(this has been corroborated by Dr. Bgrge Larsen, using paper chroma- 
tography), crystal violet (color index, 681) was then utilized. It, too, 
was shown by chromatograms to contain two distinct spots, but despite 
this, results were technically reproducible. The metachromasia of 
amyloid was a most useful property in locating early and minimal 
deposits. In the spleen, rare areas of “fibrinoid” stained orthochro- 
matically. These had a denser, coarser structure which was quite dis- 
tinguishable from the glassy appearance of amyloid. In addition, these 
lesions did not bind Congo red. 

Van Gieson Stain. In 1889, van Gieson described a dye useful in 
staining the connective tissue of peripheral nerves.'* Since then, the 
value of this dye in differentiating collagen (which stains red) from 
other connective tissue depositions has become well known. Although 
in the present investigation the van Gieson stain did not serve to 
establish the diagnosis of amyloid in any animal, it was useful in 
differentiating amyloid from collagen. Amyloid in the rabbit stained 
yellow with this dye and had less of the khaki or orange tint that 
has been observed in human amyloidosis. The staining quality was 
also consistent with the observation that amyloid does not contain a 
significant amount of hydroxyproline, and thus supports the inference 
that amyloid is not primarily collagenous in nature.’® 

Periodic Acid-Schiff (PAS) Reaction. Although amyloid stained in 
weakly positive manner with PAS, the use of this dye did not aid in 
the detection of this substance.2® During the development of the 
amyloid, PAS-positive granules were occasionally observed in the 
reticuloendothelial cells of the spleen. These were not necessarily 
related to the evolution of the disease. 

Pyronin Methyl Green Stain. The tissues of 2 normal and 12 casein- 
treated rabbits containing varying degrees of amyloidosis were stained 
with pyronin methyl green.’® Occasional pyroninophilic cells were 
observed, but the phenomenon was not striking. It bore no clearcut 
chronologic or qualitative relationship to the degree of amyloidosis. 

Fluorescence Studies. Unstained, formalin-fixed sections, 5 p in 
thickness, demonstrated that amyloid substance was autofluorescent 
when viewed at a wave length of 365 my. This did not, however, enable 
it to be clearly distinguished from other tissue components. Following 
Congo red staining, however, amyloid exhibited a pink fluorescence. 
This was distinctive and sharply localized to the amyloid in the well 
decolorized specimen. When sections were thick, showed folds, or the 
dye was not adequately decolorized, false positive dye fixation was 
frequently observed. However, the technique of Congo red staining 
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and fluorescence microscopy, when carried out meticulously, was useful 
in delineating small accumulations of amyloid. 

Polarization Microscopy. Examination of unstained, formalin-fixed 
sections demonstrated that amyloid was very weakly birefringent with 
respect to the long axis of the deposit under observation. As observed 
by Missmahl and Hartwig,?"* the birefringence increased markedly 
after Congo red staining. In contrast to collagen, which is white on 
visualization in the polarizing microscope, the unstained and Congo 
red stained amyloid had a pale green hue. As in the case of collagen, 
however, the birefringence was positive with respect to the long axis 
of the deposit. This anisotropy suggests that amyloid may have an 
orderly intrinsic molecular arrangement accentuated by Congo red 
binding, and is not completely amorphous in nature. 

Missmahl believed that amyloid contained collagen fibers which 
accounted for its behavior in polarized light. On the other hand, it is 
possible that its behavior is due to an intrinsic orientation of micelles 
that compose the amyloid itself. The chemical analyses previously 
mentioned,’® however, would seem to indicate that collagen was not 
a significant part of amyloid. Since birefringence in the present inves- 
tigation was positive with respect to the long axis of the deposit, it 
would appear that the submicroscopic units that make it up are 
oriented parallel to its long axis. More detailed studies of the fine 
structure of amyloid by electron microscopic methods have been car- 
ried out and are the subject of other reports.***5 


SUMMARY AND CONCLUSIONS 


1. Amyloidosis was induced in 34 rabbits by subcutaneous casein 
injections twice weekly for periods up to 12 months. Animals were 
sacrificed at monthly intervals in order to investigate the sequence of 
alterations and the magnitude of organ involvement. Eight additional 
rabbits served as controls. 

2. All animals which received the injections for 4 or more months 
exhibited amyloidosis of some degree. 

3. The spleen was affected in most animals after 2 months and was 
invariably laden with amyloid after 3 to 4 months. The kidney was 
involved progressively only after 4 to 5 months of injections. The 
liver was uncommonly affected and contained smaller deposits of 
amyloid. 

4. Tissues were stained with hematoxylin and eosin, Congo red, 
PAS, van Gieson, crystal violet, and pyronin methyl] green stains. In 
addition, unstained and Congo red stained sections were examined for 
fluorescence and birefringence. 
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5. The combination of hematoxylin and eosin, crystal violet and 
van Gieson stain was most useful in detecting amyloid. Examination 
with ultraviolet light after Congo red staining was useful in detecting 
minimal deposits. 

6. Polarization studies demonstrated positive birefringence in amy- 
loid, suggesting that it may have an organized molecular rather than 
an amorphous structure. 
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LEGENDS FOR FIGURES 
All sections illustrated were stained with hematoxylin and eosin. 


Fic. 1. Spleen of rabbit No. 148 (Table I). Perifollicular distribution of amyloid; 
an early stage of involvement, classified as 1+. X 80. 


Fic. 2. Higher magnification of Figure 1, demonstrating amyloid in the marginal 
zone of the red pulp. Amyloid appears to be located in the subendothelial 
region. X 450. 


Fic. 3. Spleen of rabbit No. 99 (Table I). Lymphoid follicle, perifollicular amy- 
loid (3+) and darker staining “fibrinoid” (F) amidst the amyloid. X 125. 


Sept.—Oct., 1959 CASEIN-INDUCED AMYLOIDOSIS 


985 
1 
NAS 
“AY 
-e 
2 . 
3 


986 COHEN, CALKINS AND LEVENE Vol. 35, No. 5 


Fic. 4. Spleen of rabbit No. 56, with advanced amyloidosis (4+). Almost total 
replacement of the organ by amyloid, with only scattered remnants of tra- 
beculas and lymphoid follicles. > 37. 


Fic. 5. Kidney of rabbit No. 58. Advanced amyloidosis of renal cortex, showing 
almost complete replacement of glomeruli with amyloid. Tubular casts are 
present in the medullary rays. X 8o. 


Fic. 6. Kidney of same rabbit. Glomerulus with advanced amyloidosis. Amyloid 
appears to be localized between the basement membrane and endothelial cells 
of the glomerulus, with the latter occasionally surrounded by amyloid substance. 
X 450. 
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Fic. 7. Same rabbit kidney, showing amyloidosis of renal medulla. Involvement 
is most severe at the corticomedullary junction. Many tubular casts are also 
present. X 80. 


Fic. 8. Liver of rabbit No. 115. Small amounts of amyloid in periportal and cen- 
trilobular regions. Parenchymal cell destruction may be seen in areas of amy- 
loid deposition. X 8o. 
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STAINING METHODS FOR OSMIUM-METHACRYLATE SECTIONS* 


Barsara M. Jennincs; Marityn G. Farquuar, Ph.D.}, and Henry D. Moon, M.D. 
From the Department of Pathology, University of California School of Medicine, 
San Francisco, Calif. 

In the study of tissues by electron microscopy, it is desirable to 
have contiguous sections available for examination by light microscopy 
for purposes of orientation and selection of appropriate fields. Tissues 
fixed in osmium tetroxide and embedded in methacrylate often provide 
suboptimal results when stained by the usual methods for light micro- 
scopy.’ The purpose of this investigation was to develop methods of 
staining these tissues and to determine which histochemical techniques 
could be applied without modification. 

The procedures were used primarily on renal tissues obtained by 
needle biopsy. Excellent results were obtained with a number of dif- 
ferent staining methods; several are illustrated in a color plate recently 
published.? Some of the techniques have been found to be applicable 
to other tissues, such as eyes, arteries, and developing teeth. Two of 
the methods yielded good results with the pituitary gland of the rat. 


MATERIAL AND METHODS 


Of the many groups of dyes tested, the tri-phenyl methane deriva- 
tives were the most satisfactory. These dyes included malachite 
green,t light green SF yellowish, fast green FCF, basic fuchsin, acid 
fuchsin, methyl violet,{ crystal violet,t ethyl green, and aniline blue. 
Other satisfactory groups were: (a) nitro and azo dyes: picric acid, 
orange G, ponceau 2R, Biebrich scarlet, Bismarck brown R, Congo 
red; (b) quinone-imines: thionine, azure A, methylene blue, toluidine 
blue O,§ gallocyanin, Celestin blue B, safranin O,f and azocarmines 
B and G; (c) xanthenes: pyronin B, eosin Y, ethyl eosin, erythrosin, 
and phloxine B; (d) phthalocyanin: Alcian blue 8GS; and (e) natural 
dyes: hematoxylin and cochineal (carmine). 

A new staining method was devised employing basic fuchsin, alum, 
and hematoxylin (FAH). Staining procedures which were modified 
were the hematoxylin and eosin, Mallory-Heidenhain “azan,” Mallory 
connective tissue, Masson trichrome, colloidal iron stains, and the 


* This investigation was aided by grants P-112 and 113 from the American Cancer 
Society, and by grant A-645 of the National Institutes of Health, United States Public 
Health Service. 

Received for publication, December 22, 1958. 

+ Present address: The Rockefeller Institute, New York 21, N.Y. 

t Aqueous mount. 

§ Acetone dehydrated. 
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methyl violet stain for amyloid. Staining methods applied without 
change were the periodic acid-Schiff, Feulgen, methenamine silver, 
von Késsa, gallocyanin-chromalum, Alcian blue, and the following 
elastic tissue stains*: Gomori’s aldehyde fuchsin, Weigert’s resorcin 
fuchsin, Unna’s orcein, and Verhoeff’s iodine-iron-hematoxylin. 


Preparation of Tissues 


Renal tissue was obtained by needle biopsy‘ and other tissues by 
open biopsy or at necropsy. Tissues were cut into 1 mm. cubes and 
fixed for 1% to 2 hours in 1 per cent osmium tetroxide buffered at 
pH 7.4 with veronal acetate.® Sucrose was added to the solution of 
osmium tetroxide according to the method of Caulfield. The tissue 
was dehydrated in graded alcohols, embedded in n-butyl methacrylate 
containing 3 per cent paste catalyst (1,2-dichlorobenzoyl peroxide), 
and incubated at 45° C. for 18 to 24 hours. The details of the fixation 
and embedding procedure may be found elsewhere.” 

Sections were cut with a Porter-Blum microtome at 1 to 6 p, de- 
pending upon the stain to be employed (see individual staining pro- 
cedures). Sections were floated onto a water bath containing 20 per 
cent acetone, mounted on albuminized slides, and air dried. Before 
staining, sections were passed through xylene to remove methacrylate 
and then through graded alcohols to water. 


Staining Procedures 


Fuchsin-Alum-Hematoxylin (FAH). Goodpasture’s aniline carbol fuchsin solu- 
tion, MacCallum’s variant: 


Note: This solution is stable and may be reused for several months. 

Method: (Sections cut at 1 to 2 p.) 
1. Stain in Goodpasture’s solution for 1 minute. 
2. Rinse quickly in distilled water. 

Treat with 5% aqueous ferric ammonium sulfate for 5 minutes. 

Rinse in distilled water. 

Stain in Harris’ hematoxylin® for 15 minutes. 

Rinse in distilled water. 

Rinse in tap water, 1 to 2 minutes. 

Dehydrate quickly in 95% and 100% alcohols, clear in xylene, and mount. 

Results: Nuclei, pink or blue-gray; endothelial cytoplasm, grayish rose; basement 
membrane, rose to purple; connective tissue fibers, blue-gray; hyalin of diabetes 
(early), bright rose; (late), purple; amyloid, bright rose; calcium, dark blue to 
black; pituitary acidophil granules, rose. 


AAP 


Hematoxylin and Eosin Variant. 
Method: (Sections cut at 1 to 2 yu.) 
1. Stain in Harris’ hematoxylin for 1 to 2 minutes. 
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2. Wash in running tap water for 2 minutes. 
3. Counterstain in 1% eosin Y in 0.1% aqueous solution of calcium chloride 
for 5 minutes. 
4. Dehydrate quickly in 95% and 100% alcohols, clear in xylene, and mount. 
Results: Nuclei, blue; cytoplasm, pink. 


Note: 1% phloxine B in 0.1% CaCl, or 1% erythrosin in 0.01% CaCl, may be 
substituted for eosin Y. 


Mallory-Heidenhain “Azan” Variant. 
Mallory III solution®: 
Aniline blue 


Method: (Sections cut at 4 to 6 p.) 
1. Stain in 1% azocarmine B in 1% acetic acid for 4 hours at 50 to 55° C. 
2. Rinse in distilled water. 
3. Counterstain in Mallory III for 5 minutes (aniline blue in aqueous or oxalic 


acid solutions, and light green or fast green in acetic acid solution may be 
substituted.) 


4. Rinse in distilled water. 
5. Dehydrate in 95% and 100% alcohols, clear in xylene, and mount. 

Note: A Mallory connective tissue variant may be employed by substituting azo- 
carmine with 0.5% cold aqueous acid fuchsin for 30 minutes. 


Results: Nuclei, red; basement membrane, blue; collagen, blue; glomerular fibri- 
noid, orange-red. 


Masson Trichrome Variant. 
Method: (Sections cut at 4 to 6 p.) 
1. Stain in Weigert’s acid iron chloride hematoxylin (Lillie’s variant?) for 10 
minutes. 
2. Rinse in distilled water. 
3. Rinse in tap water for 3 minutes. 
4. Stain in ponceau-acid fuchsin? for 30 minutes. 
5 
6 


. Rinse quickly in distilled water. a 

. Stain in 2% light green SF yellowish in 2% acetic acid for 5 to 10 minutes. t, 
(1% fast green FCF in 1% acetic acid for 3 to 5 minutes may be sub- 7 
stituted. ) 


Rinse quickly in distilled water. 

Dehydrate in 95% alcohol (check degree of light green staining), 100% alco- 
hol, clear in xylene, and mount. 

Note: Because red tones were diminished by use of phosphomolybdic and phos- 
photungstic acid mordants (customarily applied in trichrome staining), these 
were omitted. 

Results: Nuclei, dark gray; basement membranes and hyalin of diabetic glomerulo- 
sclerosis, green; collagen, green; arteriolar hyalin and fibrinoid, red. 


Colloidal Iron Variants. 

Method: (Section pituitary at 4 to 6 »; other tissues at 1 to 2 pw.) Technique of 
Rinehart and Abul-Haj,® with the following modifications after the colloidal iron- 
ferrocyanide steps: 

1. Rinse in distilled water. 

2. Treat with 0.5% aqueous periodic acid or sulfurous acid (6 ml. of 10% 
sodium meta-bisulfite, 5 ml. of 1 N HCl, 100 ml. distilled water) for 5 minutes. 

3. Wash in running tap water, 5 minutes. 


— 
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4. 


Stain in Grenacher’s alum carmine® for 40 minutes. (Omit for sections of 
pituitary.) 

Rinse in distilled water. 

Counterstain in 0.5% aqueous acid fuchsin for 15 minutes. 

Rinse in distilled water. 

Dehydrate in 95% and 100% alcohols, clear in xylene, and mount in poly- 
styrene resin.® 

Note: This technique may be applied to formol-paraffin sections if the staining time 
in acid fuchsin is reduced to % minute or less and followed by differentiation 
in tap water. 

Results: Nuclei, blue or rose; cytoplasm of glomerular epithelium, light blue; cyto- 
plasm of glomerular endothelium, pink; connective tissue ground substance, blue; 
collagen, pink; glomerular hyalin (diabetic), pink; basement membrane, pink; 
pituitary gland: acidophils, pink; basophils, blue; Golgi apparatus, pink. 


Another variant of the colloidal iron technique is the application of the periodic 
acid-Schiff (PAS) reaction following the colloidal iron-ferrocyanide steps.1° (Alco- 
hol rinses are replaced with distilled water and the thiosulfate reducing rinse with 
a § minute tap water wash.) After the final sulfurous acid rinse nuclei may be 
stained with Harris’ hematoxylin. The results given above will then be changed to 
light gray or blue nuclei and dark rose collagen, basement membranes, endothelial 
cytoplasm, and glomerular hyalin of diabetes. 


Periodic Acid-Schiff. 

Method: (Sections cut at 4 to 6 w.) Method of McManus.22 Counterstain with 
Harris’ hematoxylin and fast green if nuclear and connective tissue staining is 
desired. Leucofuchsin (Schiff) reagents: cold aqueous preparation of Longley,1? 
boiled aqueous preparation of Coleman,18 or the following alcoholic preparation: 
1. Mix together: 


2. Mix, dissolve, and add to the above solution: 


3. Store in tightly stoppered bottle in dark overnight until solution is amber. 
Shake with 0.3 gm. activated charcoal for 2 minutes and filter through 
Whatman #2 paper. Store in dark at o to 5° C. When the solution has 
further decolorized to pale buff, it is ready for use. 

Note: 1. Two alternate oxidants for the Schiff reaction (1% potassium perman- 
ganate and 4% chromic acid) were tested, but the staining was less intense. 

2. The aqueous leucofuchsin reagents listed above can be used for the Feulgen 

reaction! after hydrolyzing tissues for 30 minutes in 1 N HCl at 60° C. 

Results: Positive PAS reaction in basement membrane, hyalin, “fibrinoid,” and 
glycogen. 


Methyl Violet Variant for Amyloid. 
Method: (Sections cut at 4 to 6 p.) 
1. Stain in 1% aqueous methyl violet 2B (color index #680) for 5 minutes. 
2. Rinse in distilled water (to redden amyloid). 
3. Decolorize connective tissue quickly (to light blue) with 80% alcohol (see 
note below). 
4. Stop decolorization with distilled water rinse. 
5. Drain and mount in glycerol gelatin (Kaiser-Mallory).8 
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Note: Because the customary acetic acid differentiating rinse (Mallory, Lillie) de- 
colorized amyloid, it was replaced by alcohol. 
Results: Amyloid, dark rose; other glomerular structures, light rose to light blue. 


DISCUSSION 


Standard histologic staining methods were altered for application 
to osmium-methacrylate tissues by increasing staining times, omitting 
or varying some mordanting and differentiating rinses, and substituting 
dyes where the original did not stain. Tissue sections were cut at 
1 to 6 w, depending upon the staining procedure to be used. 

Some sections mounted in Permount® (Fisher Scientific Company, 
New York) faded rapidly. Since Permount is excellent for preserving 
most tissue stains, fading is apparently peculiar to osmium-fixed, 
methacrylate-embedded tissues. An acrylic resin, Krylon (“Crystal 
Clear” #1303, Krylon, Inc., Norristown, Pennsylvania) was tried as 
a mounting medium without the use of cover slips,* and there was 
less fading. The refractive index of acrylic resins (1.49) was not high 
enough to give a sharp image under high dry lens; however, with 
immersion oil and the 97x lens, definition was far greater than in 
sections mounted in Permount. 

The fuchsin-alum-hematoxylin (FAH) method was simple and rapid 
and gave constant results. Aniline carbol fuchsin, which demonstrated 
hyalin, amyloid, and pituitary acidophils in this technique, was selected 
because it could be counterstained and dehydrated without being de- 
colorized. 

The connective tissue stains which were adapted were Mallory- 
Heidenhain ‘‘azan,” Masson trichrome, and Mallory connective tissue. 
Elimination of decolorizing and mordanting acids and careful control 
of staining times minimized the diffuse and variable staining reactions 
experienced by Houck and Dempsey.* 

McManus’ periodic acid-Schiff and Gomori’s methenamine silver 
techniques were applied without variation. Both methods demon- 
strated hyalin, fibrinoid, basement membrane of renal glomeruli and 
tubules, and Bruch’s membrane of the eye. In accordance with the 
experience of others,’*?" methenamine silver provided greater contrast 
than PAS so that thinner sections (1 to 2 uw) could be examined; 
these provided better cytologic detail. The use of periodic acid as an 
oxidant in the methenamine silver method gave greater basement 
membrane contrast, whereas chromic acid oxidation provided nuclear 
detail. It has also been possible to show glycogen with the PAS reaction 
and reticulum fibers by using Wilder’s ammoniacal silver nitrate in 
osmium-methacrylate tissues.” 
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A variant of the hematoxylin and eosin technique was developed 
by the addition of 0.01 to 0.1 per cent calcium chloride to the fluorans 
(eosins). This procedure intensified the staining reaction of the 
fluorans*?* and prevented their decolorization in dehydrating alcohols. 

Nuclear chromatin was stained by the Feulgen and gallocyanin- 
chromalum’® methods. A modification of the latter technique, using 
phloxine B as a counterstain, was developed by Runge, Vernier and 
Hartmann” for use on osmium-methacrylate tissues. However, this 
method has the disadvantage of requiring a staining time of 24 to 48 
hours. 

Nuclei were easily stained by methyl green-pyronin methods, but 
results were too capricious to make them valuable for histochemical 
determinations. A rapid nuclear and cytoplasmic stain was possible 
with chloroform extracted methyl green**® counterstained with 0.5 per 
cent aqueous acid fuchsin; however, results varied with slight changes 
in staining times and rapidity of alcoholic dehydration. 

Colloidal iron and Alcian blue”: stains produced intense colors but 
did not appear specific for acid mucopolysaccharides. The colloidal 
iron variant could be used for staining of both osmium-methacrylate 
and formalin-paraffin tissues. Up to the present this has been the 
only procedure which has provided differential staining of the cells 
of the anterior pituitary following osmium-methacrylate treatment. 

With the methyl] violet and FAH stains amyloid was demonstrated 
and its presence confirmed by examining paraffin sections from the 
same specimens stained by standard techniques for amyloid. 


SUMMARY 


A number of staining procedures were successfully applied to 
osmium-fixed, methacrylate-embedded tissues. A new technique em- 
ploying fuchsin-alum-hematoxylin (FAH) was devised. Several of 
the histochemical reactions could be utilized without modification. It 
was necessary to vary a number of standard procedures because of 
the difficulty in counterstaining osmium-methacrylate tissues. By 
changes in mordants and decolorizers and by the substitution of dyes, 
variants of standard techniques gave results which reproduced those 
obtained with formalin-fixed, paraffin-embedded sections. 

By the use of these techniques it was possible to obtain excellent 
material for examination by light microscopy. Moreover, contiguous 
sections were available for investigation by both electron and light 
microscopy. 
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A STUDY OF THE PATHOGENESIS OF FAT EMBOLISM 
BASED ON HUMAN NECROPSY MATERIAL 
AND ANIMAL EXPERIMENTS* 


V. S. M.D.; J. L. SHapmo, M.D.; C. B. M.D.; 
. A. Coss, Jr, M.D., and W. F. Td Jr., M 


From Departments of Anatomy, Pathology, and 
Vanderbilt University School of Medicine, Nashville, Tenn. 


The frequency of fat embolism as a complication of trauma and 
its recognition as a clinical entity have been recently emphasized by 
Peltier." However, controversy persists as to its importance per se 
as a cause of death and as to the origin of the fat which comprises 
the emboli. The concept that fat embolism occurs as a result of the 
release of depot fat from traumatized tissues, particularly long bone 
fractures, has its strongest support in the occasional demonstration 
of myeloid tissue within pulmonary vessels.”* The contrary view, occa- 
sionally voiced, that embolic fat is derived from the circulating blood 
lipids has had little direct evidence in its support. 

Lehman and Moore in 1927‘ brought into question the origin of 
embolic fat from fat depots by their calculation that the amount of 
fat contained within a femur was insufficient to cause death by em- 
bolization. These data were derived from experiments with normal 
animals and would not necessarily hold in the case of traumatized 
animals. This point was emphasized by Whiteley® who demonstrated 
that with associated trauma, death occurred with lesser amounts of 
injected fat. As a result of their work, Lehman and Moore‘ suggested 
that products of tissue decomposition, as well as fat solvents, were 
capable of breaking the colloidal suspension of plasma lipids and that 
these lipids might be the source of the fat aggregates within vessels. 
Support for this view has been slow in evolving, but recently the work 
of Davis and Musselman,* as well as that of Johnson and Svanborg’ 
and others, has lent support to Lehman’s original suggestion that the 
fat observed in fat embolism was derived from the circulating lipids 
as well as from marrow and other fat depots. 

The observations we have made in cases of fat embolism at necropsy 
and subsequently in experimental animals are pertinent and lead us 
to suggest an explanation for fat embolism which satisfies many of 
the questions which arise concerning pathogenesis when this phenom- 
enon is considered critically. Though the term “fat embolism” denotes 
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origin elsewhere and transport and impaction in the blood vessels, 
this concept may be, at least in part, fallacious. The term fat embolism 
is retained because of common usage and risk of confusion if another 
designation were introduced. 


NEcROPSY OBSERVATIONS 


The present report concerns a series of 9 patients in whom intra- 
vascular fat in moderate to large amounts was demonstrated in the 
lungs. Fat within the vessels of the cerebrum, kidneys and various 
other organs was present in cases where fat stains were performed 
on these tissues, but the present investigation was largely confined 
to examination of the lungs. 

Of the 9 patients included, 8 had sustained severe trauma to the 
skeletal system and soft tissues, with death ensuing at various inter- 
vals following the accident. It is noteworthy that 2 patients, dying 
only 2 to 3 hours after injury, exhibited fat embolism of moderate 
degree in the pulmonary vessels. Shock was evident in most of the 
patients; in some it was impossible to determine from the clinical data 
available whether or not there was an episode of vascular collapse. 
Another case of fat embolism gleaned from the necropsy files occurred 
in association with bilateral renal cortical necrosis, with onset imme- 
diately after the termination of pregnancy. 

In each instance, intravascular fat was easily demonstrated within 
the small vessels of the lung. Frozen sections stained by Sudan IV 
and Nile blue sulfate were routinely used. The latter stain, though 
not specific for fat, is water soluble and gave a more distinct localiza- 
tion and definition of the lipid than did the more commonly used 
acetone-alcohol-soluble Sudan IV stain. In examining the distribution 
of fat within the pulmonary vessels, it was observed that masses of 
crystals were incorporated within the matrix of the fat. The crystalline 
material did not stain by the above methods; it occurred in sheaf-like 
arrangements and was acicular in form (Figs. 1 to 6). Once observed, 
these crystalline aggregates were constantly found without difficulty 
in the other cases. Examination by means of crossed Nicol prisms 
facilitated the search for and study of this material since birefringence 
is a distinguishing feature of the crystals. 

They were observed in unfixed tissue obtained at necropsy, but 
whether or not they appeared as breakdown products of a more com- 
plex precursor cannot be said.* The birefringence of the crystals dis- 
appeared when the sections were heated to 60° C. and returned on 
cooling. During this procedure, the acicular form did not change. It 
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has been reported that the birefringence of cholesterol esters disappears 
at about 60°.® 

Further investigation of the crystals had to do with their identifi- 
cation, which resolved itself into a study of solubility and histochemical 
reactions. The crystals were soluble in such fat solvents as alcohol, 
alcohol-ether mixtures, acetone and xylene. The crystals, as well as 
the sudanophilic material, gave a positive reaction to the Schultz 
modification of the Liebermann-Burchardt sterol reaction. Since this 
test is quite specific but relatively insensitive for cholesterol or choles- 
terol esters, the indication is that these substances were present in 
amounts exceeding 10 to 30 per cent of the material comprising the 
embolic fat.*° Depot fat, on the other hand, contains less than one 
per cent cholesterol’? and does not give a positive reaction to the 
Schultz test. Birefringence persisted after exposure of the tissues to 
digitonin followed by an alcohol-ether mixture but was apparently re- 
duced in amount. The Schultz-positive material, as represented by 
the sudanophilic embolic fat, had disappeared also. This method, 
described by Feigin,’* presumably distinguishes between alcohol-ether 
soluble cholesterol esters and the insoluble, digitonin-precipitable free 
cholesterol. The results observed indicated that both free and esterified 
cholesterol were represented in the embolic fat and that most of the 
Schultz-positive material was present in the non-birefringent embolic 
fat. It is worthy of note that the birefringent material, noticed initially 
in the lung vessels, was found in other sites of fat embolism as well 
(Figs. 9 and 10). 

Other microscopic features of note in the lung sections showing fat 
embolism were (protein-rich) edema and exudation of leukocytes, 
suggesting an early inflammatory reaction. 

In light of the necropsy observations cited, and the report that fat 
embolism is found in decompression to altitude and caisson disease,’* 
the following animal experiments were performed. 


MATERIAL AND METHODS 


Nineteen rabbits of mixed breed, 8 to 12 weeks of age, weighing 
2 to 3 kg. were subjected to hypoxia by decompression in the range 
of 410 to 340 mm. of mercury. The animals were fed a diet of Purina 
rabbit pellets before and during the experiments. 

Eight animals survived the procedure for 24 to 96 hours; 11 animals 
died after 1 to 12 hours in the decompression chamber and were ex- 
cluded from the lipid studies. However, the histologic features on the 
latter group were of great interest. 
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Serum samples for lipid analysis were obtained by cardiac puncture 
4 to 7 days prior to decompression and immediately after decompres- 
sion. Following each cardiac puncture, an intravenous injection of 
heparin (furnished by the Abbott Laboratories), 2.5 mg. per kg. of 
body weight, was given, and plasma samples were obtained 5 minutes 
after injection. These, as well as aliquots of the pre-heparin samples, 
were diluted 1 to 20 with a fat emulsion substrate consisting of 0.03 
ml. of a 30 per cent cottonseed oil emulsion (furnished by Dr. H. C. 
Meng, Department of Physiology, Vanderbilt University) in roo ml. 
of phosphate buffer, pH 6.6. Incubation at 37° C. was carried out for 
6 hours. The injection of heparin is followed by the appearance in the 
blood of an enzyme which will catalyze the hydrolysis of triglycerides 
in vivo or in vitro with a resulting clearing of the turbidity of lipemic 
plasma or fat emulsion substrates.* The heparin-induced clearing 
activity of the rabbits’ serums was measured by the decrease in optical 
density which occurred following incubation of the serum with the 
fat emulsion substrate. For this purpose a Beckman Model B Spectro- 
photometer was used at 540 my as in experiments previously reported.’® 

The surviving animals were killed with intravenous Nembutal,® and 
tissues from all animals were removed and fixed in 10 per cent for- 
malin. Frozen sections were prepared and examined by the same 
procedures used for human tissues. 

Serum lipids were determined by the method of Bloor’® for total 
lipids; the figures given represent total fatty acids and cholesterol. 
Total cholesterol was also determined by the method of Bloor,’” and 
lipid phosphorus was determined by the method of Youngburg’® which 
employs the colorimetric reaction of Fiske and Subbarow.’® 


RESULTS OF ANIMAL EXPERIMENTS 


Rabbits Surviving Decompression Hypoxia 

Table I summarizes the response of 8 rabbits which survived de- 
compression for 24 to 96 hours. The heparin-induced clearing activity 
was consistently reduced following decompression, and the degree of 
reduction appeared to be proportional to the length of decompression, 
except in the case of animal D-17. The total lipids were consistently 
increased, and the degree also appeared proportional to the length 
of decompression. The increase in total lipids was reflected in most 
instances by increases in total cholesterol and lipid phosphorus. 

Sections of the lungs showed evidence of fat embolization only 
rarely. In most of the animals there was alveolar thickening and 
congestion. When embolic fat was seen, it was frequently localized 
in the small arterioles. 
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Lipid Responses and Post-heparin Clearing Activity Reduction in Rabbits 
Subjected to Decompression 


| eure Total lipids mg. % Total cholesterol mg.% | Lipid phosphorus mg. % 
p-16 | 24 39 i92 | 360 | +67 | 78 | 105 | +35 | 45 | 75 | +66 
p-26 | 24 2! i92 | 327 | +70 | 77 77 o |] 34] 45 | +32 
p-17 | 25 He 247 | 484 | +96 | 84] 95 | +13 | 50 | 70 | 440 
p-21 | 49 62 304| 913 | +4200 | 105 | 262 | +140 | 5.0 | 135 | +170 
p-5 | 51 65 227| 500 | +120 | 30 | 82 | 4173 | 15 | 65 | +333 
p-12 | 74 78 293 | 778 | +166 | 79 | 187 | +137 | 47 | 12 +155 
pD-15 | 96 67 270| 848 | +214 | 91 | 249 | 4174 | 60 | 16 | 4167 
p-22 | 96 73 180 | 800 | +344 | 69 | 183 | +165 | 36 | 1 +205 


Animals Succumbing to Decompression Hypoxia 


Eleven rabbits subjected to decompression died during the procedure 
and were excluded from the “clearing” and lipid studies. These animals 
died one to 12 hours after decompression was begun. The lungs were 
examined histologically, and regularly revealed marked congestion, 
effusion and hemorrhage. Many arterioles and capillaries were filled 
with sudanophilic material; however, the arterioles appeared to be 
more frequently affected (Figs. 7 and 8). In the larger arterioles 
and in capillaries cut tangentially, blood cellular elements were noted 
to be associated with the sudanophilic material (Fig. 8). Birefringent, 
crystalline material similar to that described in the human necropsy 
tissue was also demonstrated in the embolic fat of these animals 
(Fig. 8). In general, the animals which succumbed to decompression 
hypoxia manifested marked evidence of pulmonary tissue damage and 
much more frequent occlusion of the blood vessels with fat. 


DIscussIONn 


Birefringent, crystalline material was observed to be incorporated 
with embolic fat in the vasculature, especially that of the lungs, of 
9 patients in whom a diagnosis of fat embolism was established by 
histologic examination. Similar lesions were found in rabbits which 
succumbed to decompression to altitude. A review of the literature 
revealed no previous report of the association of embolic fat with 
birefringent crystals. The birefringence and the positive Schultz test 
indicated that this substance was cholesterol or cholesterol esters.’° 
Its presence in tissues following the digitonin reaction and subsequent 
exposure to an alcohol-ether mixture indicated that the crystals were 
composed, at least in part, of free cholesterol..* The presence of 


| 

| 

| 

| | 

| | 

| 
| 


1004 LE QUIRE, SHAPIRO, LE QUIRE, COBB AND FLEET Vol. 35, No.5 


esterified cholesterol was indicated by the observation that the embolic 
fat and some of the birefringent material which gave positive reactions 
to the Schultz test were soluble in an alcohol-ether mixture following 
digitonin precipitation.” 

It is necessary for fat to contain from 10 per cent to about 30 per 
cent cholesterol before it reacts in positive manner to the Schultz 
test.1° Since depot fat contains less than one per cent cholesterol,” 
these histochemical observations indicate that depot fat was not re- 
sponsible for the embolic fat seen in our cases and that other sources 
are important in fat embolism. The occurrence of fat embolism in 
a variety of conditions such as trauma without fractures,”° inhalation 
anesthesia,”2 decompression to altitude, and caisson disease,’* casts 
further doubt on the assumption that depot fat is the primary source 
of embolic fat. 

An obvious source which could account for the amount of cholesterol 
seen in our study is that present in the circulating blood itself, pro- 
vided that its aggregation and localization could be explained. A 
change in the emulsification of the blood lipids as a result of shock 
or tissue injury has been suggested. According to Pollack, hypo- 
albuminemia accompanying shock facilitates the precipitation of hy- 
drophobic colloids such as cholesterol.” In addition, aggregation of 
blood cellular elements is known to occur following trauma or stress” 
and even following alimentary lipemia.** Davis and Musselman® have 
suggested that the blood lipids may become incorporated into these 
aggregates and impart the staining characteristics of fat emboli to 
them. 

Other factors which may enhance the aggregation of blood lipids 
following trauma or shock are an increased accumulation and a de- 
ficient utilization of the blood lipids. An increase in blood lipids, 
including cholesterol, has been reported to follow various forms of 
stress and trauma.”°** Werthessen and Schwenk* indicated that in- 
creased synthesis of cholesterol occurred after trauma and anoxia of 
the liver. An increase in blood lipids has also been noted following 
hemorrhage or the introduction of hemolytic agents in rabbits.***° 
Starup,*’ investigating this problem, demonstrated an increase in blood 
lipids by merely subjecting rabbits to prolonged hypoxia in decom- 
pression. 

A defect in lipid metabolism may also be responsible for their 
increased accumulation in the blood. Spitzer and Spitzer** reported 
that hemorrhagic lipemia was accompanied by a decrease in heparin- 
induced lipemia clearing activity. One of us showed that clearing 
activity following the introduction of heparin was reduced in dogs 
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during acute hypoxia brought about by rebreathing or by sodium 
cyanide.’® 

In the animal experiments reported, heparin-induced clearing activ- 
ity was diminished in rabbits subjected to decompression; in these 
animals the serum lipids were increased. Both the reduction in clearing 
activity and the increase in serum lipids appeared to be related to 
the duration of decompression. The increase in serum lipids and the 
reduced ability to form clearing factor following the introduction of 
heparin in animals subjected to decompression suggests that there is 
an increased mobilization of lipids together with a defect in the me- 
tabolism of lipids. This is in accord with the suggestions of Spitzer 
and Spitzer** in their experiments with hemorrhagic lipemia. 

The relative lack of fat embolism and tissue damage in the lungs 
of animals surviving prolonged decompression supports the conclusion 
that fat embolism is not the result of increased serum lipid per se. 
This observation parallels the clinical experience of Johnson and Svan- 
borg‘ that patients with hyperlipemia were not unusually prone to 
fat embolism. 

It is proposed, therefore, that aggregation of blood lipids results 
from a deficiency or temporary inactivation of plasma “emulsifiers.” 
In addition, an increase in blood lipids, whether from absorption, 
traumatized fat depots, increased mobilization, or deficient utilization, 
would further contribute to the colloidal instability of these lipids. 

The extraordinary and predominant localization of these lipid ag- 
gregates in pulmonary vessels in both human necropsy tissue and 
that from experimental animals demands further comment. The lung 
has been assumed to be the primary organ of localization because it 
is here that embolic fat encounters the first capillary bed. In our 
experience with embolization in dogs by injecting olive oil tagged 
with radioactive iodine (I**') into a peripheral vein, the lung was 
always the primary site of localization.*® However, when small 
amounts of fat were injected into the carotid artery, it traversed the 
peripheral vascular bed and also localized in the lung.*® This was 
apparently true for injection into the renal artery as well. When fat 
was injected into the portal vein or splenic artery, the primary locali- 
zation was within the intrinsic vessels of these organs. The pressure 
differences in the various vascular beds may offer a reasonable ex- 
planation of this localization. From available information, it is known 
that mean capillary pressures are significantly lower in the lung and 
liver than in the brain, kidney, and peripheral vascular beds.*® Factors 
which cannot be overlooked in the localization of embolic fat are the 
intrinsic nature of the particular endothelium itself, the association 
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of embolic fat with cellular aggregates, and the possibility that lipids 
aggregate in areas of vascular damage, much like thrombus formation. 

Even though the lung is the primary site of localization, other 
organs, particularly the brain, are not spared. Swank and Dugger* 
suggested that embolic fat seen in the brain and other tissues origi- 
nated from emboli released from the lung as the result of vascular 
atony accompanying shock. In addition, it is known that pulmonary 
arterial pressure increases following embolization of the lung*® or in 
association with hypoxia.** This increase in pressure could also be 
important in pushing emboli into the general circulation to lodge 
subsequently in other organs. The possibility that embolic fat released 
from the lung will localize in peripheral vascular beds, while fat 
injected intra-arterially will traverse these vessels suggests that during 
localization in the lung, physicochemical alterations in the aggregates 
enhance their ability to stick and build up in capillary beds subse- 
quently encountered. 

On the basis of the above, it is proposed that: (a) fat from 
traumatized depots can on occasion enter the circulation and produce 
mechanical embolization of the lung; (b) this process can be of 
sufficient degree in itself to produce symptoms of fat embolism, but 
is not the only mechanism involved; (c) the tissue injury, usually 
associated with shock, can initiate physicochemical alterations result- 
ing in a colloidal instability of plasma lipids; (d) the tissue injury 
can initiate an increased mobilization and deficient utilization of lipids 
which is reflected by an increase in plasma lipid; (e) in an unstable 
colloidal menstruum, the lipids can aggregate and be localized pri- 
marily by the pulmonary vasculature; (f) an increase in pulmonary 
arterial pressure together with vascular atony can cause some of these 
aggregates to be pushed into the systemic circulation and be localized 
in other organs; (g) the phenomenon of lipid aggregation and locali- 
zation occurs to some degree in the majority of traumatic injuries. 
Under appropriate circumstances, the phenomenon can be of such 
magnitude or rapidity as to produce a clinically recognizable syndrome 
with entirely characteristic pathologic features. 


SUMMARY 


1. Birefringent crystalline material was observed in association 
with masses of intravascular fat in 9 patients with fat embolism. 

2. By histochemical tests, both the crystalline material and the 
embolic fat were found to contain free and esterified cholesterol in 
amounts greater than that contained in depot fat. 

3. Exposure of animals to decompression, a situation which may 
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be followed by fat embolism in human subjects, resulted in a defect 
of lipid metabolism. This was manifested by an increase in serum 


lipids and an inability to form lipemia clearing factor following the 

introduction of heparin. 

4. In animals surviving decompression, fat embolism was insig- 
nificant, while in animals succumbing to decompression, the pathologic 
pattern was similar to that in the human subjects. 

5. In view of these observations, a pathogenesis of fat embolism 
is suggested. 
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LEGENDS FOR FIGURES 


Fic. 1. Fat embolism in pulmonary vessels in a human patient. Frozen section, 
stained with Sudan IV and hematoxylin, and examined for birefringence. 
Arrows indicate masses of sudanophilic material. Blue filter. X 100. 


Fic. 2. A pulmonary arteriole containing birefringent crystals. Frozen section, 
hematoxylin and Sudan IV stains. Blue filter. X 200. 


Fics. 3 and 4. The same arteriole shown in Figure 2, examined under higher mag- 
nification. The acicular crystals in the lumen, visible with ordinary light (Fig. 
3) exhibit characteristic double refractility when examined with crossed Nicol 
prisms (Fig. 4). X 430. 
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Fic. 5. An artist’s drawing of pulmonary fat embolism to demonstrate the acicular 
character of the crystalline material. 


Fic. 6. A photomicrograph of the same area depicted in Figure 5. Note the rela- 
tionship of the crystalline mass to the embolic fat in the vessel cut tangentially. 
Frozen section, stained with Nile blue sulfate. < 430. 


Fics. 7 and 8. Demonstrations of the characteristics of fat embolism in the lung 
of a rabbit dying 1.5 hours after decompression to 350 mm. of Hg. Doubly 
refractile crystalline material is noted interspersed in the dark-staining neutral 
fat. Cellular aggregates in association with embolic fat are shown in Figure 8. 
Hematoxylin and Sudan IV stains. X 430. 
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Fic. 9. Fat embolism in cerebral vessels of a human subject, to demonstrate mass 
; of birefringent crystals incorporated in dark-stained neutral fat. Note bulbous 
dilatation of vessel at the site of doubly refractile material. Frozen section, 

Nile blue sulfate and methylene blue stains. X 430. 


Fic. 10. Renal glomerulus from a patient with fat embolism. Dark-staining masses 
of neutral fat fill many capillaries. There is a small accumulation of doubly 
refractile material at one o’clock. Hematoxylin and Sudan IV stains. X 200. 
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CICATRIX FORMATION IN RAT CEREBRAL CORTEX 
AS REVEALED BY ELECTRON MISCOSCOPY* 


Rosert L. Scuuttz, Ph.D.,t and Danret C. Pease, Ph.D. 


From the Department of Anatomy, School of Medicine, University of California, 
and the Veterans Administration Center, Los Angeles, Calif. 


The mechanism of cerebral scarring has been well investigated by 
light microscopy, with the works of Penfield and his associates** 
serving as outstanding examples. Most of these studies were done in 
the period from 1920 to 1930. Since then there have been few pub- 
lished reports dealing with cicatrix formation in the brain. With the 
introduction of electron microscopy, it seemed desirable to exploit 
the potentialities of the instrument in an investigation of cerebral 
wound repair. There were several points which we hoped to elucidate, 
as, for example, the nature of the glial cells in gliosis, the interrelations 
between nervous and connective tissue elements, and particularly the 
barrier between these two. 

The electron microscope is a recent innovation, and adequate tech- 
niques for employing it in tissue research have been available for 
only a few years. Because of this there have been no published electron 
microscopic studies of experimental cerebral lesions previous to this 
investigation. A general survey of normal cerebral structure, carried 
out in this laboratory,** served as a basis for this study. 


MATERIAL AND METHODS 


Adult rats were used in these experiments. To produce lesions, two 
small holes were drilled through the skull in a dorsolateral position, 
one on each side, by means of a dental drill. With caution and practice 
it was possible to drill these holes without penetrating the dura. A 
Bard-Parker “stab” blade (size 11) was inserted into the holes as 
far as it would go. This caused the blade tip to penetrate to a depth 
of about 1 mm. into the cortex. Recovery intervals of 24, 48, 72 and 
96 hours, and 5, 7, 14, 30, 60, 90, 217 and 225 days elapsed after 
injury before removal of tissue for examination. 

The technique of tissue removal and fixation was the same as that 
previously described for normal cortex.* Briefly, this consisted of 
surgical exposure of the desired region and removal of the dura, fol- 
lowed by fixation with chilled and buffered osmium tetroxide solution 
in situ for 10 minutes. The specimen was undercut, removed, and 


* Received for publication, February 19, 1959. 


+ Present address: Department of Anatomy, College of Medical Evangelists, Loma 
Linda, Calif. 
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fixed for 20 minutes more. If the core of the lesion happened to adhere 
to the meninges as the latter were stripped away from the underlying 
nervous tissue, this was also preserved as a separate block, and sub- 
sequently sectioned. Dehydration was accomplished quickly (within 
30 minutes), and the tissue was blocked and sectioned in butyl 
methacrylate. 
CICATRIX FORMATION 

It would be desirable to discuss the changing character of the ex- 
perimental lesions as a dynamic process; yet it is not practical to 
characterize in detail each stage chosen for study. In general, the 
different cell types will be discussed where appropriate in approxi- 
mately a temporal sequence. 


Acute Phase 


Microglia. The cortex in the immediate area of the lesion 24 hours 
postoperatively became a mass of cellular debris. Only microglia per- 
sisted as definite cells. All the other cortical cell types were reduced 
to fragments. Spaces were present and were seen most commonly 
along vessels. These probably developed by a dissolution of the astro- 
cytic plasma membranes which normally form the perivascular end- 
feet. 

Microglia quickly underwent a remarkable transformation after the 
lesion was induced. Within 24 hours processes were shortened, and 
the cells exhibited a rounded appearance as the cytoplasmic volume 
was increased. The cytoplasm became much less dense than originally 
so that nuclei were prominent. The nucleoli became very large and 
conspicuous transiently, and the Golgi membranes were numerous. 
As development progressed, however, the nucleoli and Golgi apparatus 
became less conspicuous. In about one week these changes culminated 
in the formation of typical “gitter” cells with much pale cytoplasm 
and no definite processes. 

It seems probable that macrophages of hematogenous origin entered 
the lesion. However, it was not possible to determine by structure 
alone whether any one gitter cell was of hematogenous or microglial 
origin. 

The cytoplasm of gitter cells became packed with ingested material 
—so much so, that the nucleus was often pushed aside to the cell 
periphery. The structure of the phagocytosed particles varied widely, 
some being suggestive of myelin, and others of a more obscure lipoidal 
or other nature (Figs. 1 and 2). The inclusions in Figure 1 are par- 
ticularly interesting since they seem to have originally contained 3 
separate components. They are not specific for degenerating nervous 
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tissue, however, for Dmochowski® has shown inclusions which appear 
identical in the thymus gland of leukemic mice. Commonly, an area 
close to the nucleus, the juxtanuclear zone, was devoid of inclusions. 
Golgi membranes were prominent in this region. Mitochondria of 
the usual type could be seen throughout the cytoplasm. The cytoplas- 
mic margin was often irregular with processes (pseudopods) extending 
for short distances into the surrounding debris. This had an appear- 
ance typical of a mobile, ameboid cell. 

Gitter cells dominated the lesion for approximately the first week 
and then began to decrease in number slowly until by 90 days post- 
operatively only an occasional phagocyte was to be seen. 

Neutrophils. Neutrophils were abundant throughout the lesion at 24 
hours, but diminished afterward.*® Often these cells were seen packed 
into the cellular debris. The presence of this cell type in numbers is 
usually considered indicative of the acute phase of a pathologic process, 
and thus it was here, also. 

Erythrocytes. The trauma of producing the lesion caused a certain 
amount of bleeding. Thus red cells were to be seen frequently. It was 
surprising how long these persisted in the lesion. In this investigation 
they were observed 60 days postoperatively, still appearing essentially 
normal. Penfield and Buckley™ reported them lasting 79 days with- 
out disintegration. 

Vasculature. Shortly after the lesion was established, the walls of 
vessels were greatly thickened and extensively damaged. Of the struc- 
tures normally present, the only features easily recognized were base- 
ment membranes; cellular detail was destroyed. Thus it was that 
numerous and extensive gaps existed in the endothelium. In the 
lumens, clumps of platelets were often seen. 


Subacute and Chronic Phases 


Plasmocytes. The plasma cell as seen by electron microscopy has 
been described by Braunsteiner, Fellinger and Pakesch™ and is char- 
acterized by abundant endoplasmic reticulum which practically fills 
the cytoplasm. Mitochondria, scattered between cisternas, and Golgi 
membranes, while definitely present, are inconspicuous. The cartwheel 
nucleus seen by light microscopy is represented by aggregations of 
chromatin in the electron micrographs but may not always be obvious. 
By one month postoperatively, numerous plasma cells were present 
in the lesion. They tended to form groups, i.e., a number were usually 
found together in any one locus. Often they were observed adjacent 
to a vessel as a so-called perivascular cuff. 

Remarkable differences in the development of the endoplasmic 
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reticulum could be seen in these plasma cells (Figs. 3 and 4). The 
variables were the width of the cisternas, the degree of their packing 
together, and the orientation of the profiles (ranging from parallel 
to completely random distribution). All possible combinations were 
encountered. The substance filling the cisternas of the endoplasmic 
reticulum as swelling occurred came to have a substantial density. 
Thus it was not just imbibed water, but probably represented pre- 
cipitated protein (Fig. 4). As the cisternas became enlarged, the 
remaining cytoplasm became reduced to thin sheets. Mitochondria 
in such thin cytoplasmic compartments produced conspicuous bulges. 
Eventually such cells seemed to disintegrate and formed small spherical 
bodies containing the substance previously within the cisternas (Fig. 3, 
arrows). These bodies were enclosed by a membrane with granules 
attached to their outer surfaces. Apparently the membranes and 
granules represented the residua of the endoplasmic reticulum and 
its associated ribonucleic acid (RNA) granules. 

The most likely and interesting implication of this activity was that 
antibodies were being formed and set free. Kolouch* identified the 
plasma cell with allergic phenomena by producing hypersensitivity in 
rabbits and observing the resulting development of plasmocytes in 
the bone marrow. 

Lymphocytes and Eosinophils. Lymphocytes were conspicuously 
absent and were observed with certainty only occasionally. This fact 
is of some interest, particularly when one considers that plasma cells, 
which were numerous in the lesion, are generally thought to arise from 
lymphocytes. 

Eosinophils were more frequently encountered. Unfortunately, it 
was not possible to come to any conclusions regarding the significance 
of this cell type. 

Glial Cells. A definite identification of glial cells in old lesions was 
difficult at best and was often impossible (Figs. 5 and 7). At one 
extreme, one could find large cells with light, watery cytoplasm and 
pale nuclei, which resembled the astrocytes of normal cortex as seen 
by electron microscopy.*** Smaller cells with features of oligoden- 
droglia, characterized by denser cytoplasm and darker nuclei, con- 
stituted the other extreme. A spectrum of intermediate cell types 
was manifest. 

The existence of intermediate glial types is not surprising, for both 
astrocytes and oligodendrocytes are thought to differentiate from the 
same stem cell, the spongioblast. Thus, as the result of the stimulus 
of injury, normal macroglia probably revert to a more primitive 
(embryonic) state. Similar intermediate cell forms have been observed 
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in the corpus callosum of young rats 13 and 18 days old, and reported 
elsewhere.® Penfield’ has indicated that macroglia are not completely 
differentiated until long after birth. 

As the lesion aged, definitive astrocytes became arranged so as to 
form a nearly complete barrier between the cortex on one side and 
leptomeningeal cells on the other. The latter proliferated into the 
center of the lesion, forming a core (Figs. 11 and 12). A basement 
membrane was present between the astrocytic barrier and the core 
area. This must be formed de novo and was unusual in having odd, 
finger-like projections which indented the adjacent astrocytic cyto- 
plasm (Fig. 12). The processes forming the barrier were very closely 
fitted together even though the cytoplasmic borders were irregular 
and occasionally infolded. 

The structure of the reconstituted astrocytic “wall” fundamentally 
resembled that of the subpial astrocytic “membrane” encountered in 
normal cortex. The general relationships were similar, i.e., cortex on 
one side and leptomeninges on the other, separated by a basement 
membrane. However, as indicated in Figures 11 and 12 (217 and 
225 days postoperatively), the astrocytic barrier of the lesion was 
considerably wider than the normal subpial layer. Also no particularly 
long mitochondria as observed in the normal tissue were noted.*"* 

Lipogenesis. One of the most interesting features of the older 
lesions was the presence of large quantities of layered, myelin-like 
material in the reactive area as early as 30 days postoperatively. Some 
of this was clearly situated about nerve fibers (Figs. 5, 8 and 9); the 
remainder, while of identical layered pattern, was found to be asso- 
ciated with glial cells or lay in apparently isolated manner (Figs. 6 
and 7). In spite of its erratic and unusual distribution, it seemed 
reasonable to identify this substance as myelin, for irrespective of 
its location, it exhibited essentially the same ultrastructure. The fact 
that the spacing between layers might vary somewhat seemed not to 
represent a serious objection. In a comprehensive study of myelin, 
Fernandez-Moran and Finean* reported that myelin of the central 
nervous system tended to show irregular spacing. One would expect 
to find even wider variation under pathologic conditions. 

It is important to note that the number of myelinated nerve fibers 
(Fig. 9) in any given field near the lesion was greatly increased over 
that seen in the normal cerebral cortex. Thus the origin of these fibers 
was a matter of some concern. The most likely explanation was that 
existing cortical neurons became myelinated in response to the non- 
specific injury. They could not, of course, represent peripheral nerves 
which had grown into the lesion, for they were not wrapped by Schwann 


| 
| 


1022 SCHULTZ AND PEASE Vol. 35, No.5 


cell cytoplasm.*® In fact, Schwann cells were not observed in the 
lesion at all. In the unusual pathologic condition état marbré,"" there 
is also an increase in myelinated nerve fibers apparently arising de 
novo in the cortex. This may be of such a degree that patches of white 
matter are detected grossly in the cortical gray substance. 

Myelin formations can be seen along the cytoplasmic margins of 
glial cells in Figures 7 and 10. The two cells shown in Figure 7 are 
intermediate in structure, showing characteristics of both oligoden- 
droglia and astrocytes. The lipoidal material is seen here only along 
one side of the cells. However, Figure 10 shows that it may com- 
pletely encircle a cell. This structure, similar in appearance to a normal 
oligodendrocyte, happens to lie in an artifactitious space close to the 
core. As in Figure 6, other peculiar formations may be noted; these 
are not definitely associated with nerve or glia. It is not possible to 
comment further about their nature. 

Meningeal Reactions. Leptomeningeal cells proliferated and mi- 
grated into the lesion. By 30 days postoperatively, strands of this cell 
type were visibly in process of forming a definite core. At this time 
the penetrating trabeculas were rather loosely organized without defi- 
nite limits to their extent as in the case of the astrocytic barrier 
which was established later. 

When the cells in the core of the lesion (Figs. 13 to 15) were com- 
pared with those of the normal pia-arachnoid,* a striking morphologic 
similarity was evident. The cytoplasm of the cells in the lesion varied 
from a pale appearance to a moderate density. Normal pia-arachnoid 
elements more closely resembled the lighter cells of the lesion. Cyto- 
plasmic organelles were identical in both normal and abnormal ele- 
ments. Cytoplasmic processes were occasionally extremely long (Fig. 
13). Often the distribution of the processes was irregular and they 
could not be traced readily. The manner in which the cytoplasmic 
borders of adjacent cells were fitted together was of some interest. 
This is shown in a longitudinal section of a trabecula in Figure 13 and 
in transverse section in Figure 15. The arrangement is less well oriented 
in Figure 14. Interdigitation and infolding of cytoplasmic extensions 
in a curious fashion, much like the pieces of a jig-saw puzzle, are best 
shown in the latter two figures. 

Some spaces were visible between the cells comprising the core of 
the lesion. Often strands of collagen were seen here. It is to be noted 
that this is a characteristic of normal pia-arachnoid also. Typical axial 
periodicity of 640 A, the established pattern of mature collagen,’® 
was manifest, and occasionally, under favorable circumstances, sub- 
periods could be discerned. Sufficient collagen was present between 
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cells so that the core was often pulled out when the meninges were 
stripped from the cortex at the time of fixation. At 225 days post- 
operatively the core consisted of a compact mass of leptomeningeal 
cells and collagen, limited by an astrocytic barrier and basement 
membrane. The latter features have already been described. The dura 
did not seem to take an active role in cicatrix formation under the 
conditions of this investigation, concerned, as it was, only with small 
lesions. 

Neurons. From the evidence obtained, little can be said about the 
degeneration and regeneration of neurons. A major difficulty was to 
determine what represented the result of poor fixation and what was 
actual alteration. Without doubt those neurons in the immediate 
region of the lesion became necrotic and were removed by phagocytes. 
Other neurons more remote from the wound probably recovered, for 
after 225 days the cortex adjacent to the new astrocytic barrier 
appeared indistinguishable from normal cortex. 


DISCUSSION 


The existence of myelin on the surfaces of glial cells, and the appear- 
ance of numbers of small myelinated nerve fibers following the induc- 
tion of cortical lesions were observations having important implications 
which merit primary consideration. The former feature is one which 
has not previously been reported, although there are suggestions of 
the latter phenomenon reported.’* 

Myelin is found about cells identifiable as both astrocytes and 
oligodendrocytes. This is ir agreement with the hypothesis of Luse’® 
which proposes that both glial types may be responsible for the for- 
mation and maintenance of myelin. As yet, one cannot be certain 
that the myelin is in reality a product of the cell upon which it is 
found. However, we are able to affirm that a strong, relatively non- 
specific stimulus for the production of myelin certainly mitist exist. 

Gliosis as classically described by light microscopists was not ob- 
served. In spite of the fact that the glial barrier surrounding the core 
of the lesion contained astrocytic processes that were far thicker than 
usual, the cytoplasm of these cells was essentially comparable to that 
of normal astrocytes. There are several possible explanations for the 
absence of gliosis. The most likely, perhaps, is that the lesions de- 
scribed in this report were too small to stimulate abnormal glial fibro- 
genesis. Obviously, future investigation must explore the events which 
follow the induction of massive lesions. 

Several investigators have noted the formation of connective tissue 
cores in cortical lesions.?°"**° Also Clemente and Windle*' and Scott 


| 
] 


1024 SCHULTZ AND PEASE Vol. 35, No.5 


and Clemente”? reported a similar proliferation of pia across the cut 
ends of the spinal cord. This formed a pia-glial membrane, which 
was essentially equivalent to the core and astrocytic barrier encoun- 
tered in this investigation. 

It is noteworthy that while no perivascular spaces are present in 
normal tissue,”**** they quickly developed after the induction of 
lesions, as this study has shown. They were formed by a dissolution 
of the astrocytic end-feet, doubtlessly corresponding to the “locus 
minoris resistentiae”’ of Kuhlenbeck.*> In older lesions these spaces 
became a favored site for plasma cell aggregations. 

There is confusion in the published reports concerning the origin 
of phagocytes in cerebral lesions. Lymphocytes, oligodendroglia, mono- 
cytes, vessel adventitial cells, leptomeningeal cells, and microglia have 
all been suggested as possible precursors. We hoped at the beginning 
of this investigation to obtain some positive information concerning 
this matter, but this has not proved possible. The few clues we have 
seem to indicate that macrophages can arise both from the microglia 
and from a hematogenous source. 


SUMMARY 


Small, sterile puncture wounds were made in rat cerebral cortex 
and the animals sacrificed at intervals from 24 hours to 225 days 
afterward. An electron microscopic investigation served to compare 
the pathologic features with normal tissue. 

A rapid, acute infiltration of neutrophils occurred within 24 hours 
and decreased after several days. During this time gross disintegration 
of cortical tissue was evident. True perivascular spaces appeared; 
these were not present in normal tissue. Most likely these developed 
as the result of disintegration of perivascular astrocytic end-feet. 

Hematogenous macrophages (monocytes) were noted in and around 
vessels with distorted, swollen walls. At 48 hours the first activated 
microglial cells were visible. Both microglia and hematogenous macro- 
phages were thought to contribute to the formation of the fully de- 
veloped phagocytes of the central nervous system, the “gitter’’ cells. 
These increased in number greatly so that they dominated the lesion 
in one week. Thereafter, their numbers decreased slowly. 

A subacute and chronic stage ensued, and was plainly in evidence 
from 30 days on. Plasma cells of variable structure were very numer- 
ous during this period. Vesicles were often noted in close proximity 
to swollen plasma cells. These seemed to represent surviving remnants 
of endoplasmic reticulum following plasma cell lysis. This was evi- 
denced by the existence of granule-containing limiting membranes 
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enclosing the droplets. Swelling and lysis of plasma cells were thought 
to represent possible mechanisms for the release of antibodies. Con- 
centrations of plasma cells were encountered most often near vessels, 
forming perivascular cuffs. Eosinophils were occasionally noted, but 
lymphocytes were conspicuously absent. 

Glial cells, in reacting to the lesion, were so altered in structure that 
often a definite designation was impossible. Thus, while some cells 
appeared to be astrocytes and others oligodendrocytes, some were 
intermediate in form and had features of both types. Some cells con- 
tained quantities of fine fibrils in their cytoplasm. 

Myelin in excess of that encountered normally in the rat cerebral 
cortex was observed. This not only appeared around nerve fibers but 
about glial cells and in isolated deposits as well. It was thought that 
the induction of the lesion constituted a powerful stimulus to myelino- 
genesis. 

As phagocytic activity removed the myelinated structures, and other 
extraneous cellular material, leptomeningeal cells invaded the lesion, 
forming a core containing some collagen. Proliferation of the pia- 
arachnoid could be seen as early as 30 days after injury. Astrocytes 
formed a thick barrier between the core and the surrounding cortex. 
The astrocytic cytoplasm was separated from the cells of the core by 
a basement membrane. Finally a collagenous scar of leptomeningeal 
derivation marked the site of the lesion. 
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Fic. 


LEGENDS FOR FIGURES 


1. A typical “gitter” cell. Ingested material fills a major portion of the cyto- 
plasm peripherally. A zone close to the nucleus is devoid of phagocytosed 
material and contains only a concentration of the usual cytoplasmic organelles. 
Some of the ingested particles seem to have contained separate components 
(probably lipid) as evidenced by density differences. The cytoplasmic border 
is irregular and there are suggestions of pseudopods. 5 days after operation. 
X 10,500. 


2. A portion of a macrophage at higher magnification. The whorl-like layered 
structure at the center is uncommon. The spacing of the layers corresponds 
to that of myelin. Thus, this formation and the structure immediately to the 
right of it are possibly derived from myelin. The remainder of the inclusion 
to the lower right (the dense, granular portion) resembles other frequently 
observed inclusions. Very small, dense granules are also scattered throughout 
the cytoplasm. 5 days after operation. X 90,000. 
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Fic. 3. Plasma cells. The plasma cell in the center illustrates the usual form with 
moderately developed endoplasmic reticulum. The portion of a nucleus at the 
top margin belongs to a cell which appears to be disintegrating into small 
vesicles covered by RNA granules (arrows). It is thought that the plasma 
membrane of the latter cell had disintegrated before fixation. 30 days after 
operation. XX 10,000. 


Fic. 4. A plasma cell. The cisternas of the endoplasmic reticulum are enormously 
swollen. The mitochondria (arrows) are “squeezed” between cisternas so that 
they form small bulges. The material present in the cisternas is moderately 
dense and thus does not simply represent imbibed water. 30 days after opera- 
tion. X 10,000. 
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FIG. 


FIG. 


5. Accell similar to a normal oligodendrocyte in size and density but containing 
a remarkable number of fibrils (arrows) in its cytoplasm. Similar masses of 
fibrils have been seen in cells of the developing corpus callosum in young rats. 
Myelinated formations are closely associated with its borders. Many, if not 
all, of these structures represent small nerve fibers. Normal rat cortex is 
notably deficient in myelinated fibers, so that these are thought to represent 
myelination arising de movo and resulting from the stimulus of the lesion. 
30 days after operation. XX 10,500. 


6. A curious myelinated structure is indicated by the arrow. This may repre- 
sent an aberrant formation of axons; however, its true significance remains 
unknown. The obliquely sectioned nerve fiber at the upper left shows typical 
neural filaments in its axoplasm. 30 days after operation. X 14,000. 
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Fic. 7. Lipid formations are clearly evident along the right cytoplasmic margins 
of these two cells. This substance, if not myelin, is morphologically similar to 
it. In the lesion, astrocytes and oligodendroglia often undergo reactive changes, 
becoming intermediate in structure to the point that a definite designation is 
impossible. Such is the case here. Glial fibrils are visible in the surrounding 
processes. 30 days after operation. X 15,500. 
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Fic. 


Fic. 


8. One myelinated axon is shown in transverse section, and parts of several 
others are less well oriented. Myelinated fibers such as these are much more 
numerous in the lesion than in normal rat cortex. The axon (ax) of the fiber 
in the center appears to be shrunken, producing a “space” (x) between it and 
the myelin sheath. This space is not necessarily an artifact, but may represent 
glial cytoplasm. 30 days after operation. X 17,700. 


g. A portion of the transversely sectioned fiber in Figure 8 at higher mag- 
nificati The spacing of the layers measures 100 A. A layer of cytoplasm 
(arrows) at least partially encloses the axon and sheath. 30 days after opera- 
tion. X 106,000. 


10. Myelin completely surrounds this oligodendroglia-like cell. The space in 
which it is situated is an artifact due to mechanical distortion in removing the 
tissue from the animal. The fact that the myelin remains adherent to the cell 
and completely surrounds it would seem to furnish circumstantial evidence that 
the cell is the source of the myelin. 225 days after operation. X 17,000. 
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Fic. 


11. Astrocytic ‘“‘walling-off’ of the core area. A thin strip of cortex (c) is 
present along the left border of the photograph. Immediately to the right are 
a number of watery appearing astrocytic processes (ap) forming a barrier 
between the cortex and the core. This astrocytic layer is much thicker than 
astrocytic “membranes” (perivascular and subpial) seen in normal cortex. At 
the astrocytic surface there is a basement membrane too delicate to be visible 
at this low magnification. Outside of the basement membrane there is often a 
considerable quantity of precipitated material (pp). Leptomeningeal cells of 
the core occupy the greater portion of the photograph. The core is well vas- 
cularized as evidenced by the vessel in the lower right portion. 217 days after 
operation. X 7,000. 


12. The hypertrophied astrocytic barrier of the cortex extends to the left; the 
core area is on the extreme right. A blood vessel of the core is sectioned 
longitudinally as it abuts the glial “wall,” and the edges of two red cells are 
visible. A basement membrane between the endothelium of the vessel wall and 
the astrocytic barrier sends odd finger-like projections into the astrocytic 
cytoplasm (arrows). A number of glial processes fit together to form the 
barrier. In some of the processes a few fine fibrils are visible. An astrocytic 
nucleus is prominently displayed near the left border of the photograph. 225 
days after operation. X 11,500. 
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i3. Leptomeningeal cells of the core are here oriented longitudinally. Their 
protoplasmic processes may extend for some distance and be fitted together in 
a complex manner. Mitochondria (m) are moderately abundant. Collagen (cl) 
is often present between cells. 225 days after operation. XX 12,000. 


14. Leptomeningeal core. Obliquely sectioned cytoplasmic processes are in 
this view fitted together much like pieces of a jig-saw puzzle. 225 days after 
operation. X 13,500. 


15. Leptomeningeal core. The cellular extensions are seen in transverse sec- 
tion. Their manner of apposition is obvious. Small mitochondria (m) are 
scattered throughout the cytoplasm. 225 days after operation. X 17,000. 
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EXPERIMENTAL INFECTION OF RHESUS MONKEYS 
WITH COLORADO TICK FEVER VIRUS* 


Rosert K. Geriorr, M.A., and Cart L. Larson, M.D. 


From the United States Department of Health, Education, and Welfare, Public Health 
Service, National Institutes of Health, National Institute of Allergy and 
Infectious Diseases, Rocky Mountain Laboratory, Hamilton, Mont. 


Since the original isolation of Colorado tick fever (CTF) virus by 
inoculation of hamsters with human blood,’ several other experimental 
hosts have been found. The utilization of suckling white mice has 
provided a useful means for virus isolations,? and the response of the 
mouse to infection, clinically and pathologically, has been investigated 
thoroughly.* Susceptibility of KB cells from human epidermoid car- 
cinoma, grown in artificial culture, appears comparable to that of 
suckling mice.* Some strains of virus have been adapted to adult 
mice® and to chick embryos.® 

Natural CTF infection occurs in various rodents which are host to 
immature stages of the tick Dermacentor andersoni, the only known 
vector of the virus. Infection has been demonstrated** by isolation 
of virus from blood or by detection of neutralizing antibody. One 
rodent, the porcupine (Erethizon dorsatus), can also be infected ex- 
perimentally, either by intraperitoneal inoculation of virus or by bites 
of infected adult D. andersoni.® 

In man, CTF infection results in a characteristic diphasic febrile 
illness, accompanied by marked leukopenia.*° Viremia persists for 
at least 16 days after the onset of illness. Although death directly 
attributable to CTF has occurred,® it is very rare. 

The results of experimental infection of rhesus monkeys are re- 
ported here. Attention has been given especially to febrile, hema- 
tologic, and serologic responses, duration and intensity of viremia, 
pathologic lesions, and sites of virus proliferation. 


MATERIAL AND METHODS 
Preparation of Virus Inoculum 


The Florio strain of CTF virus, passed only in hamsters and suckling 
mice, was used. White mice inoculated intraperitoneally (i.p.) at age 
3 days with about 10* LDso virus were sacrificed when they became 
moribund, usually on the fifth day. Ten per cent suspension of their 
pooled brains was prepared in physiologic saline solution containing 
Io per cent normal rabbit serum (NRSS). After light centrifugation, 


* Received for publication, January 26, 1959. 
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the supernate was either inoculated into monkeys immediately or was 
stored at —70° C. for use later. 


Inoculation and Bleeding of Monkeys 


Rhesus monkeys, of either sex, each weighing approximately 5 
pounds, were used. During any operation, the animal was immobilized, 
ventral side down, on a small table. Injection of virus was by one 
of 3 routes: intravenous (i.v.), in the saphenous vein of either leg; 
intramuscular (im.), in the upper thigh region; or subcutaneous 
(s.c.), in the same area. All blood samples, ranging in size from a 
single drop to about 30 ml., were taken from the saphenous vein. By 
application of a tourniquet above the knee, a 21-gauge needle could 
readily be inserted into the vein. Removal of the tourniquet and 
gentle backward massage of the vein facilitated withdrawal of blood. 
If only a drop was needed, the distended vein was merely pricked 
with the point of a scalpel blade. 


Examination of Monkeys and Specimens Therefrom 


Febrile Response. All temperatures were taken rectally. Through- 
out the study, a single thermometer was used for each monkey. Gen- 
erally 2 temperature determinations were made, the first immediately 
after the monkey had been secured to the table, the second after 
about 3 to 5 minutes of immobility. If slight variation between the 
2 readings occurred, the average was recorded. 

Determination of Viremia. Each blood specimen was homogenized 
by grinding the clot in the serum with mortar, pestle, and a trace of 
grinding compound (alundum). Tenfold dilutions of the resulting sus- 
pension were made in NRSS, and .o5 ml. aliquots of whole blood and 
of each dilution were inoculated i.p. into six 3-day-old (suckling) 
mice. Death occurring 3 to 14 days after inoculation was the criterion 
of infection with CTF virus. 

LDso values were calculated by the method of Reed and Muench." 
In titrations of specimens collected toward the end of viremia, un- 
diluted blood occasionally contained sufficient antibody to neutralize 
the virus partially or completely, with the result that the specimen 
was more infectious after dilution than before. The LDso was thus 
distorted and did not reflect the full amount of virus present. In an 
effort to compensate for such interference by antibody, the number 
of mice that undiluted blood probably would have killed in the absence 
of antibody was estimated. The estimate was based on numbers killed 
by logarithmic dilutions of the specimen in question and on data from 
many titrations of blood collected before antibody had developed. 
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In some instances, the level of virus in the blood was below one 
LDso, but was sufficient to produce typical symptoms of CTF in one 
or more mice. Effort was made to recover the virus from the mice 
by passage of brain tissue from moribund animals to normal suckling 
mice. 

Determination of Pathologic Alterations and Presence of Virus in 
Tissues. Animals for this purpose were anesthetized with ether and 
exsanguinated by cardiac puncture. Necropsy was performed, and 
after a gross pathologic examination, samples of various tissues and 
organs were removed. Some were placed in formalin or in Orth’s 
fixative solution for sectioning. Other samples were ground in NRSS 
with mortar, pestle, and alundum, and 10 per cent suspensions 
(weight/volume basis) were prepared, followed by further 10-fold 
dilutions. For suppression of the normal bacterial flora on tonsils, it 
was necessary to add penicillin and streptomycin to suspensions of 
the tissue. All suspensions were titrated in suckling mice, as previously 
described. 

Hematologic Examinations. Total and differential counts of white 
blood cells were made by standard methods.’ On each day of exam- 
ination, total counts were made in duplicate with 2 separate samples 
of blood. Differential counts were made in duplicate from a single 
blood film. All duplicate readings were then averaged. The same per- 
son performed all tests for additional uniformity. 

Serologic Examination. Blood serums were stored at —20° C. until 
all specimens from each animal could be tested simultaneously. Tests 
for neutralizing antibody were performed with cultures of KB cells;** 
titers recorded represent maximum dilution of serum which would 


neutralize approximately one hundred 50-per-cent infectious doses 
(TCID;.) of virus. 


Outline of Investigation 


Five groups of monkeys, a total of 16 animals, were investigated 
(Table I). Those in groups 1, 2, and 5 were given comparable massive 
doses of virus i.v., while those in groups 3 and 4 were given graded 
doses s.c. for comparison of the susceptibility of monkeys and suck- 
ling mice. Febrile response and the development and persistence of 
viremia were followed in all monkeys. In addition, hematologic changes 
were followed in groups 2 and 3. One or 2 months after disappearance 
of viremia from monkeys in groups 1 through 4, each animal was given 
a massive challenge dose of virus iv. Further tests for viremia were 
then performed to determine the immune status of the animal at the 
time of challenge. When the second viremia, if it occurred, had also 
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disappeared, the animal thereafter was given periodic booster inocu- 
lations for the production of hyperimmune serum. Each inoculation 
consisted of 1 ml. of mouse brain suspension (containing about 10° 
mouse LD;» of virus) mixed with an equal quantity of arlacel-mineral 
oil adjuvant; inoculations were given at intervals of 1 to 2 months. 
Serum samples were also collected periodically to trace antibody de- 
velopment. 

Monkeys in group 5 were inoculated simultaneously, and one 
monkey was taken at weekly intervals for pathologic examination and 
for tests of various organs for virus content. 


Taste I 


Infection of Rhesus Monkeys with CTF Virus, and Duration of Viremia 


Dosage Route of Viremia following inoculation* 
Monkey . of virus | inocula- Presence or absence of virus in blood on indicated Maximum 
Group no. (mouse LD,,)* tion days after inoculation titer 
1 17. iv. 3-4-5-11-18-28-(45)-46-53+ 2.4 
2 385 (iv. 1-2-3-4-5-6-7-9-11-16-24-36-(84)-85-88 
380 5X10" iv. 1-2-3-4-5-6-7-9-11-16-24-36-(84)-85-88 3.4 
593 5X10 iv. 1-2-3-4-5-6-7-9-11-16-24-36-(84)-85-88 3.6 
3 484 8X10 sc. 1-2-4-6-8-11-15-19-26- (85)-86-89 28 
865 8X10° se. 1-2-4-6-8-11-15-19-26-33-44-(85)-86-89 3.0 
386 8 X 10° S.C. 1-2-4-6-8-11-15-19-26-33-  (85)-86-89 3.0 
4 363 Sx 10° se. 1-3-5-8-11-14-18-22-29-36-45-(78)-80-84-91 2.5 
434 8 X 10° S.c. 1-3-5-8-11-14-18-22-29-36-45-(78)-80-84-91 2.6 
428 8 X 10? sc. 1-3-5-8-11-14-18-22-29-36-45-(78) -80-84-91- 

98-105 2.4 
431 8X10 sec. 1-3-5-8-11-14-18-22-29-36-45-(78)-80-84-91-98 3.5 

432 1-3-5-8-11-14-18-22-29-36-45-(78)-80-84-91-98- 
105-112-121-128 3.4 
5 395 3X10 4-6 3.7 
396 iv 4-11-13 3.6 
950 3X 10° 1.v 4-11-18-20 3.5 
698 iv 4-11-18-25-28 3.5 


* All titrations were performed in 3-day-old mice. 
ft Figures in bold face type: LDso was attained. 
Figures in italics: Virus was recovered, but LDso was not attained. 
Figures in standard type: Virus was not recovered. 
Figures in parentheses indicate day on which i.v. challenge dose of virus was given. 


RESULTS 
Clinical Response 


Easily recognized signs of illness, such as weakness, loss of weight, 
anorexia, ruffled hair, inactivity, or paralysis were generally absent 
from these monkeys, regardless of the amount of virus they received 
or the route of inoculation. Monkey No. 17 was an exception, since it 
developed a bloody diarrhea on the first day after inoculation; this 
continued through the third day. The presence of blood may have been 
caused by slight injury from insertion of the thermometer, but the 
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diarrhea was not explained. Tests for enteric bacterial pathogens were 
negative. Although bleeding was not noted in other animals, it could 
have been associated with CTF infection; a similar condition has been 
observed occasionally in human cases.® 


Febrile Response 


This also was irregular and undependable as a criterion of infection. 
Only 3 monkeys (Nos. 17, 593, and 484) developed elevations of 
temperature which were interpreted as fever (Text-fig. 1). Pre-inocu- 
lation temperatures of these and other monkeys usually were between 
39.0° C. and 39.5° C. Since extremes of 38.8° C. to 39.9° C. were 
occasionally observed, only readings of 40.0° C. or above were con- 
sidered indicative of fever, unless persistent readings definitely above 
the normal range for a particular animal were obtained. 
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Text-figure 1. Febrile response of 4 rhesus monkeys to inoculation of CTF virus. 


Monkey No. 17 gave the most clear-cut febrile response, with tem- 
perature rising above 40° C. on the third day after inoculation and 
remaining above normal through the fourth day. The pattern of mon- 
key No. 593 was very similar although the maximum temperature 
attained was lower. Readings above 40° C. were observed more fre- 
quently in monkey No. 484 than in any other animal, but its day-to- 
day temperature was very irregular; at the time of inoculation, it was 
almost 40° C., and it rose above that level on the first, fourth, seventh, 
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and eighth days thereafter. The 2 peaks on either side of the very low 
reading on the sixth day might represent a true diphasic febrile course, 
similar to that which characterizes human infections. For comparison, 
the temperature-time curve of monkey No. 865 is also shown. This 
animal had a longer period of viremia than either Nos. 17 or 593, yet 
evidence of febrile reaction was lacking. It typifies the other 12 mon- 
keys in this respect. 


Viremia and Resulting Immunologic Response 


Observations regarding duration and intensity of viremia in all 16 
monkeys are summarized in Table I. The shortest period of viremia 
was 15 days in monkey No. 484; the longest was 50 days in monkey 
No. 432, after it had been given the challenge dose of virus; the aver- 
age for ail animals in groups 1 through 4 was about 36 days. 

Duration of viremia did not appear related to the amount of virus 
inoculated or to the route of inoculation, but the size of the dose did 
affect the interval between injection of virus and the earliest detection 
of it in the blood (Text-fig. 2). A massive dose of virus (between 10’ 
and 10° mouse LD;9) given either i.v. or s.c. resulted in viremia at or 
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Text-figure 2. Viremia in rhesus monkeys following inoculation of different amounts 
of CTF virus by two routes. 
* Doses of virus are expressed as LDw by titration in 3-day-old mice. 
** Neg.: No sign of infection and no virus recovered. 
*** Virus was recovered but LDs was not attained. 


very near its maximum level on the first day thereafter (monkeys 
Nos. 385, 380, 593, and 484). With 1,oooth of this amount of virus 
(monkey No. 363), development of maximum viremia was delayed 
until the fifth day, and with one millionth of this amount (monkey 
No. 431), virus was undetectable on the first day and still at a very 
low level on the third. In any monkey, once the titer of virus had 


Sept.—Oct., 1959 COLORADO TICK FEVER 1049 


reached its maximum level, it generally remained stable for 5 or 6 
days and then gradually decreased. 

Monkeys in groups 1 and 2 were solidly immune to the challenge 
dose of virus; none of these animals developed viremia thereafter 
(Table I). In groups 3 and 4, this immunity occurred irregularly. Its 
presence or absence was not related to the amount of virus originally 
used to infect the monkey or to the length of viremia which followed. 
It did appear related, however, to the titer of neutralizing antibody 
in the serum at the time of challenge. Viremia after challenge was of 
short duration in all monkeys except No. 432 which had not been 
infected by the initial inoculum. 

Results with monkey No. 431 indicate that monkeys are nearly as 
susceptible to CTF virus as are suckling mice and on a comparable 
weight basis are more susceptible. No. 431 received 80 mouse LDs5o 
of virus and became strongly infected, whereas No. 432 received 8 
and resisted infection. 


Pathologic Response 


Pathologic examination of monkeys in group 5 did not reveal any 
particular site of damage by or proliferation of virus. Necropsy was 
performed on monkeys Nos. 395, 396, 950, and 698 on the sixth, 13th, 
2oth, and 28th days, respectively, following i.v. inoculation with 3 X 
10° mouse LD,» of virus, the largest dose used throughout the study. 
Macroscopic alterations were not detected in any of these monkeys. 
Portions of the following tissues or organs were sectioned and exam- 
ined microscopically: kidney, liver, spleen, adrenal gland, lung, heart, 
pancreas, thymus, small intestine, thyroid gland, sternal bone mar- 
row, abdominal muscle, assorted visceral lymph nodes, cerebral cortex 
(motor area), midbrain, cerebellum, medulla oblongata, and the cervi- 
cal and lumbar spinal cord. Prominent, partially hyalinized reaction 
centers were seen in splenic lymphoid nodules of monkeys Nos. 950 
and 698. This lesion, though clearly of a nonspecific nature, may have 
been related to infection with CTF virus. Histologic alterations were 
not found in any other tissue examined. 


Localization of Virus in Tissues 


Titration of virus in various tissues from monkeys in group 5 like- 
wise did not yield conclusive data regarding sites of virus proliferation 
(Text-fig. 3). On the sixth day after inoculation, virus was abundant 
in all tissues tested, particularly in bone marrow. Thereafter, it gradu- 
ally diminished and by the 28th day was not detectable in inguinal, 
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mesenteric, or pharyngeal nodes, liver, pancreas, heart, tonsil, brain, 
or bone marrow. Blood consistently contained more virus than any 
other tissue, and traces of blood occasionally may have accounted for 
low levels of infectivity in other tissues. 

On the 28th day, only in blood, spleen, and kidney could as much 
as one LDso of virus be demonstrated. Mice inoculated with spleen 
died sooner than those inoculated with an equal amount of kidney. 
On the basis of total evidence, our conclusion was that the virus was 
retained in slightly greater amount by the spleen than by the kidney. 


AXILLARY BROWN INGUINAL 
8.000 NODES Fat _ NODES uver SPLEEN PANCREAS KIONEY 


TONSIL AND BONE BONE BONE 
PHARYNGEAL 
__ HEART NODES _ BRAIN (MIXEO) (FEMORAL) (HUMERAL) 


VIRUS TITER (NEG.LOG) IN 3-DAY-OLD MICE 


ves | 


Text-figure 3. Localization of CTF virus in various parts of the rhesus monkey after 
different intervals post-inoculation. 


*\V.R.: Virus was recovered but LDs was not attained. Neg.: No sign of infection 
and virus not recovered. 

The 4 columns from left to right in each section represent tests done on the sixth, 
13th, 20th, and 28th days after inoculation. Femoral and humeral bone marrow were 
mixed for test on the sixth day but were treated separately thereafter. 


Hematologic Response 


Examinations of blood for the detection of changes in the total 
leukocyte count and in the ratio of neutrophils to lymphocytes as a 
result of CTF infection were performed on the 6 monkeys in groups 
2 and 3. Cell counts made on 5 different days preceding inoculation 
(period A) established the normal cell pattern for each animal. These 
counts were compared with others made 1, 2, and 3 days (period B); 
4, 5, 6, and 7 days (period C); and 9, 11, 16, and 24 days (period D) 
after inoculation. 

The 3 monkeys in group 2 and No. 484 of group 3 received nearly 
identical amounts of virus. No. 484 differed only in being inoculated 
s.c. instead of i.v. These 4 monkeys developed a definite leukopenia 
which began in period B, became most marked in period C, and started 
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to diminish in period D (Text-fig. 4). Although the total percentage 
of neutrophils and lymphocytes remained nearly constant (95 to 98 
per cent), the proportions of the two types of cells within these totals 
became markedly different following infection. Development of 
leukopenia was accompanied by a reduction in the percentage of neu- 
trophils and an increase in the percentage of lymphocytes. Again this 
change began in period B, was most marked in period C, and began to 
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Text-figure 4. Variations in the total leukocyte count and the proportion of neutro- 
phils and lymphocytes in 4 rhesus monkeys following infection with CTF virus. 

* A: Pre-inoculation days 0, 3, 5, 6, and 7; B: post-inoculation days 1, 2, and 3; 
C: 4, 5, 6, and 7; and D: 9, 11, 16, and 24. 

Readings within each period were averaged. Days for examination of monkey No. 484 
were slightly different. 


disappear in period D. With regard to reduction of both the total 
leukocyte count and the percentage of neutrophils, monkey No. 380 
was most severely affected; its leukopenia became most marked in 
period B and remained nearly the same in period C. Monkeys Nos. 
865 and 386, which were inoculated at the same time as No. 484 but 
with less virus, developed only slight, probably not significant, hema- 


tologic alterations. J 
Serologic Response 


Because of the blood requirement for other investigations, daily 
serum samples were not collected from any monkey for follow-up of 
antibody development immediately after infection. However, the com- 
posite serologic data on all 16 animals yielded some information re- 
garding the rise of antibody after a single injection of virus. Of the 
last 3 monkeys in group 5, one had developed a trace of antibody (1:4 
dilution partially neutralized the virus) by the 13th day, although 
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another still had none by the 2oth day; the third monkey had a 1:8 
titer on the 15th day and 1:16 on the 28th. Monkey No. 17 (group 1) 
had 1:128 titer on the 45th day; on the 84th day those in group 2 had 
titers of 1:128, 1:32, and 1:512. 

Each additional injection of virus, up to.a total of 4, continued to 
raise the antibody titer in each animal. Thereafter, further increase 
was less certain, and in many instances, additional virus had no effect 
except to maintain the existing titer. The highest titer attained in any 
animal was 1:4096, which occurred in Nos. 17 and 386 after 11 injec- 
tions of virus. This was the largest number given to any animal except 
No. 17 which received 13; however, the additional 2 injections gave no 
further increase in antibody. The titer in monkey No. 431 after 4 
injections was 1:2048; it did not rise higher after ro injections. 


DISCUSSION 


The data indicate that criteria of infection must accompany any 
statement regarding resistance or susceptibility of rhesus monkeys to 
CTF virus. If clinical or pathologic response is the criterion, monkeys 
would be considered very resistant; if febrile or hematologic response, 
they would be considered susceptible irregularly and only to large 
doses of virus; if lengthy viremia or high levels of neutralizing antibody 
are the criteria, they would be termed extremely susceptible, even to 
minute quantities of virus. 

The value of monkeys for CTF research would seem very limited, 
since infection can be detected dependably only through tests for 
viremia or neutralizing antibody, both relatively laborious procedures. 
Perhaps the greatest value of monkeys would be for production of 
hyperimmune serum. Such serum, necessary for identification of viral 
isolates, is generally prepared by inoculation of hamsters, each of 
which yields only a small quantity of blood. Monkeys, on the contrary, 
can be bled and re-inoculated repeatedly. The high neutralizing capacity 
of immune monkey serum prepared in this investigation was confirmed 
by tests in mice also; undiluted serum from monkey No. 17, for 
example, with a titer of 1:4096 in tissue culture tests, neutralized 
10°? mouse LDs» of virus per o.1 ml. 

The duration of viremia in these monkeys was especially interest- 
ing; it was practically identical with that observed in experimentally 
infected porcupines.® The ability of the virus to proliferate and to 
exist in the blood for long periods of time without apparent harm to the 
host seems to characterize CTF infection in several animals, including 
those infected in nature. The persistent viremia probably is important 
in the maintenance of CTF virus in nature. Present evidence suggests® 
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that infected nymphal D. andersoni infect small rodents by feeding on 
them early in the spring. Later in the season, virus is still present in 
the blood of these rodents, and larvae of the new generation, in turn, 
become infected by feeding on them. It is possible, however, that 
laboratory-adapted strains of virus vary markedly from those in nature 
with respect to duration of the viremia they induce. 

Termination of viremia conceivably occurs as a result of both de- 
creasing virus proliferation and increasing amounts of antibody. In 
monkeys, the effect of antibody on the intensity of viremia first became 
apparent on the seventh to 14th days after inoculation, depending on 
the dosage of virus. Thereafter, the effect steadily increased; whole 
blood, and sometimes also a 10” dilution, gradually lost infectivity. 
For example, whole blood from monkey No. 698 on the 28th day killed 
none of 6 mice; 107 dilution killed 6 of 6; 107% killed 2 of 6; and 
higher dilutions were again noninfectious. When the period of viremia 
in the monkeys had nearly ended and the virus had become barely 
detectable, it was recovered more frequently from 107 or 107 dilution 
than from undiluted blood. 


SUMMARY 


Response to infection with Colorado tick fever (CTF) virus was 
investigated in 16 rhesus monkeys. The most dependable early sign of 
infection was viremia, which persisted for 15 to 50 days, averaging 
about 36 days. Virus titers in blood reached a maximum of 10°, 
Clinical symptoms were absent, and a febrile response was observed in 
only 3 monkeys. Total leukocyte counts and percentages of neutrophils 
diminished somewhat between the fourth and seventh days after inocu- 
lation, although these hematologic alterations seemed dependent on 
the injection of a massive dose of virus. Neither macroscopic nor 
microscopic pathologic lesions attributable to CTF infection were ob- 
served. Virus was found through the 2oth day in a variety of tissues 
and organs, but on the 28th day it was detected only in kidney and 
spleen, in addition to blood. Circulating antibody was first detected 
on the 15th day. Repeated injections of virus beyond the fourth injec- 
tion had relatively little effect in producing further increases in titer of 
antibody. The highest titer attained in any monkey was 1:4096, after 
II injections of virus. 


REFERENCES 
1. Florio, L.; Stewart, M. O., and Mugrage, E. R. The experimental transmission 
of Colorado tick fever. J. Exper. Med., 1944, 80, 165-188. 


2. Oliphant, J. W., and Tibbs, R. O. Colorado tick fever; isolation of virus strains 
by inoculation of suckling mice. Pub. Health Rep., 1950, 65, 521-522. 


| 


1054 GERLOFF AND LARSON Vol. 35, No.5 


3- 


4. 


Io. 


12. 


13. 


Hadlow, W. J. Histopathologic changes in suckling mice infected with the 
virus of Colorado tick fever. J. Infect. Dis., 1957, 101, 158-167. 

Pickens, E. G., and Luoto, L. Tissue culture studies with Colorado tick fever 
virus. I. Isolation and propagation of virus in KB cultures. J. Infect. Dis., 
1958, 103, I02—107. 

Koprowski, H., and Cox, H. R. Colorado tick fever. I. Studies on mouse brain 
adapted virus. J. Immunol., 1947, 57, 239-253- 

Koprowski, H., and Cox, H. R. Colorado tick fever. II. Studies on chick 
embryo adapted virus. J. Immunol., 1947, 57, 255-262. 

Eklund, C. M.; Kohls, G. M., and Jellison, W. L. Isolation of Colorado tick 
fever virus from rodents in Colorado. Science, 1958, 128, 413. 

Eklund, C. M.; Kohls, G. M.; Jellison, W. L.; Burgdorfer, W.; Thomas, L. A., 
and Kennedy, R. C. The Clinical and Ecological Aspects of Colorado Tick 
Fever. Presented at the International Congress on Tropical Medicine and 
Malaria, Lisbon, Portugal, 1958. 

Burgdorfer, W. Colorado tick fever. The behavior of CTF virus in the por- 
cupine. J. Infect. Dis., 1959, 104, 101-104. 

Cox, H. R. Colorado Tick Fever. In: Viral and Rickettsial Infections of Man. 
Rivers, T. M. (ed.) J. B. Lippincott Co., Philadelphia, 1952, ed. 2, pp. 
526-530. 


. Reed, L. J., and Muench, H. A simple method of estimating fifty per cent 


endpoints. Am. J. Hyg., 1938, 27, 493-497. 

Kolmer, J. A., and Boerner, F. Approved Laboratory Technic. D. Appleton- 
Century Co., New York, 1945, ed. 4, pp. 66-92. 

Gerloff, R. K., and Eklund, C. M. A tissue culture neutralization test for Colo- 
rado tick fever antibody and use of the test for serologic surveys. J. Infect. 
Dis., 1959, 104, 174-183. 


We wish to thank Dr. William J. Hadlow, formerly of this Laboratory, for performing 
all histologic examinations; also Mr. Rex O. Watson, Mrs. Monterey B. Leach, and Miss 
Lillian R. B. Glesne for technical assistance throughout the study. 


5. 
6. 
7- 
8. 
9. 
= 


EXPERIMENTAL INHALATION ANTHRAX IN THE CHIMPANZEE * 


S. Atsrink, Ph.D., M.D.,+ and Rosert J. Gooptow, Ph.D. 
From the U.S. Army Chemical Corps, Fort Detrick, Frederick, Md. 

Although anthrax has long been recognized in domestic animals and 
man, precise techniques have only recently been devised to allow a 
controlled study of the disease in experimental animals by utilizing a 
respiratory route of infection.1 “Woolsorters’ disease” and “ragpick- 
ers’ disease” have been described in man, and a portal of entry by way 
of the tracheal or bronchial mucosa has been suggested as a basis for 
the subsequent development of “anthrax pneumonia.”** Another in- 
terpretation of the observations in human cases suggests that the lung 
parenchyma serves as a portal of entry for organisms and that a gen- 
eralized systemic infection rather than a primary pneumonic process 
results.* Experiments using a variety of animals have tended to sup- 
port the latter view,*® and recent investigation in guinea pigs has 
demonstrated the passage of spores from the alveolar spaces to regional 
lymph nodes with subsequent germination and dissemination of the 
vegetative forms.’ 

The experiments reported here were designed to correlate the clinical 
behavior of infected animals with the development of the disease and 
to determine the tissue alterations in higher primates, with particular 
reference to the respiratory tree. 


MATERIAL AND METHODS 


The experimental animals consisted of 4 young, healthy chimpanzees, 
weighing from 18 to 23 pounds. All but one were classified as Pan 
troglodytes (Schwarz); the exception (Bill) belonged to the group 
Pan troglodytes troglodytes. The animals had complete pre-exposure 
physical examinations, and records were made of blood counts, blood 
cultures, stool examinations, rectal temperatures and roentgenograms 
of the chest. All reports indicated that the animals were normal except 
that occasional hookworm ova were encountered in the stools. Follow- 
ing exposure, the chimpanzees were examined daily, and the blood was 
cultured. Rectal temperature was taken twice daily, and chest roent- 
genograms were obtained every other day. 

Five 10-fold dilutions in saline were made of each sample of blood. 
Three plates each of cysteine blood agar and Wilson’s peptone agar 


* Received for publication, January 7, 1959. 
+ Present address: Department of Pathology, Yale University School of Medicine, New 
Haven, Conn. 
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were inoculated with 0.1 ml. of each dilution of blood as well as undi- 
luted blood. The plates were incubated for 24 hours at 37° C., after 
which colonies were counted. In cases where no colonies were observed 
at the first reading, the plates were re-incubated for 24 additional hours 
and then reread. Each of 5 mice received intraperitoneal injections 


(o.5 ml.) of the first 1:10 dilution of each blood sample. When the - 


mice died, heart blood smears and culture on agar plates substantiated 
the presence of Bacillus anthracis. 

The strain of B. anthracis used was designated Vollum 1B. The con- 
centrations of spores in the generator were adjusted to be within the 
limits of 4 X 10° and 6 X 10° spores per ml. of suspension medium 
(casein acid digest containing one per cent phenol). 

Aerosol was generated by means of a University of Chicago Labora- 
tory (UCTL) atomizer, introduced into a modified Reyniers chamber® 
and maintained at a temperature of 25° C. + 1 degree and a relative 
humidity of 30 + 3 per cent. The UCTL atomizer was operated with a 
total air flow of 100 liters per minute (5 liters of primary air at a pres- 
sure of 12 pounds per square inch and gs liters of secondary or mixing 
air), and the liquid suspension of B. anthracis spores was disseminated 
from the atomizer by means of a constant feed device at a rate of ap- 
proximately o.2 ml. per minute. The aerosol was continuously generated 
directly into a 120-liter mixing chamber where it was kept turbulent, 
mixed, and at a constant spore concentration. 

At the time of animal exposure, the aerosol from the mixing chamber 
was drawn through a 16-inch length of 2-inch diameter tubing into a 
mask fitted tightly to the face of the chimpanzee by a pneumatic gasket. 
The aerosol flowed over the face of the animal at a rate of 8.7 liters 
per minute. The chimpanzee, anesthetized with Nembutal,® inhaled the 
cloud for 5 minutes. A critical-orifice, liquid impinger with a flow rate 
of 2.5 liters per minute was employed to determine the viable spore 
concentration of the aerosol. This impinger was situated at a point in 
the mask directly over the nostrils of the animal and was operated 
continuously during the entire exposure period. Since the sample was 
drawn from a cloud at exactly the same level as the chimpanzee’s face, 
it represented the number of viable spores available for inhalation per 
unit volume (liter) of aerosol. 

After exposure, the collecting fluid (tryptase saline) of the impinger 
was suitably diluted and plated on Wilson’s peptone agar. By knowing 
the volume of aerosol sampled and by determining from plate counts 
the concentration of viable spores in the collecting fluid, it was possible 
to calculate the number of viable spores per liter of aerosol. Prior to 
exposure, the volume of air inhaled by the animal was estimated by a 
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direct measurement with a dry test meter. Also, as a check on the 
direct measurement of inhaled volume, an additional estimate was made 
during the actual exposure by measuring the amplitude recorded on a 
Sanborn recorder connected to a strain gauge which had been calibrated 
with a dry test meter immediately prior to the experiment. The strain 
gauge was taped to the sternum of the chimpanzee. In this way a rea- 
sonably reliable estimate of the minute-volume was achieved, and the 
strain gauge measurements could be used as a continuous check of the 
respiratory volume while the animal was in the exposure apparatus and 
direct measurements were impossible. The total number of viable 
spores inhaled by the chimpanzee was calculated by multiplying the 
number of viable spores in a liter of aerosol by the minute-volume 
(liters) and the duration of exposure (minutes). 

Direct microscopic measurements were made on aerosol particles 
collected by means of a millipore filter and on glass slides in a settle- 
ment chamber. The number median diameter of these particles col- 
lected at the face mask was about 1.3 mw and the volume median 
diameter, 8.5 yw. 

RESULTS 
CLINICAL OBSERVATIONS 


The pertinent data are summarized in Table I. 

The first two animals (John and Melvin) exhibited no positive 
physical disorder after their initial exposure and survived despite the 
fact that organisms were demonstrated in the blood of one on the 
second through the tenth days and of the other from the third through 
the eleventh days. The animals maintained their appetites and their 
vigorous protestations to physical examination in unabated manner. 
Although a bacteremia was apparent in each, it was of low grade and 
exhibited no progression. The temperature varied little from normal 
(100° to ror® F.). 

In the second pair of animals exposed (Bill and Grove), blood cul- 
tures were positive for B. anthracis on the second and third days, and 
the bacteremia progressed rapidly as determined by plate counts. No 
abnormalities of behavior and no abnormalities in physical examination 
were apparent until the morning of the day of death. At that time, both 
animals exhibited marked tenderness on palpation in the region of the 
spleen, an observation which represented the first physical sign of ill- 
ness in either. They were observed at 4:00 p.m., and both seemed to be 
normal to casual inspection at that time. When next checked at 8:00 
p.m., one (Bill) was dead, and 2 hours later the other (Grove) was 
noted to be in some distress. A careful physical examination was per- 
formed. Temperature was subnormal (97.8° F.); the animal appeared 
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Colonies of B. anthracis in the Blood, and Mortality Rate in Challenged Mice 
on Successive Days after Exposure 


First exposure Second exposure 
Melvin John Grove Bill Melvin John 

Dry test meter dose 32,800 34,350 39,700 66,500 90,300 112,000 
Aerosol, median particle 

diameter (#) 14 14 1.2 1.05 1.4 14 
Fate of chimpanzee Survived Survived Died Died Survived Died 
Days after exposure: 
First 

Colonies* ° ° ° 

Mort. in micet —t — 0/5 1/5 0/5 0/5 
Second 

Colonies 3 3 ° 

Mort. in mice 1/5 1/5 0/5 o/§ 
Third 

Colonies 30 18 43 70 ° ° 

Mort. in mice — 5/5 2/5 0/5 0/5 
Fourth 

Colonies 18 13 380 506 23 68 

Mort. in mice 5/5 5/3 0/5 4/5 
Fifth 

Colonies — 12 810 660 40 1,630 

Mort. in mice - _ 5/5 5/5 1/5 5/5 
Sixth 

Colonies ° ° 13,000 90,300 ° 13,500 

117,000§ 

Mort. in mice 4/5 5/5 5/5 5/5 0/5 5/5 
Seventh 

Colonies ° 13 o 2.89 x 10° 

Mort. in mice 0/5 5/5 
Eighth 

Colonies 6 10 ° 4.3 x 108 

(at necropsy) 

Mort. in mice 5/5 5/5 0/5 5/5 
Ninth 

Colonies 

Mort. in mice 
Tenth 

Colonies ° ° 

Mort. in mice 3/5 3/5 
Eleventh 

Colonies ° ° 

Mort. in mice —|| 2/5]| 


* Colonies: Number of colonies per ml. of blood. 

+ Mort. in mice: Mortality rate in challenged mice. 
+t Minus sign indicates test not done. 

§ One and a half hours before death. 

|| Negative on subsequent tests. 
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lethargic and was hard to arouse. His lips and mucous membranes 
were cyanotic, the pulse was rapid and weak, and respirations were 
shallow and labored. Tubular breath sounds were apparent on auscul- 
tation, and percussion of the chest yielded dullness. He expired 1% 
hours later. 

The 2 animals which survived initial exposure were rechallenged 
with a larger dose approximately 6 weeks after the blood cultures be- 
came negative. Organisms were demonstrable in the blood of Melvin 
on the fourth and fifth post-exposure days, but he exhibited no symp- 
toms and thereafter maintained a negative blood culture and had an 
uneventful recovery. John also developed a positive blood culture on 
the fourth post-exposure day, and at this time exhibited splenic tender- 
ness. His blood, however, showed a rapidly increasing bacteremia, and 
he died early on the eighth day after re-exposure. Examination approx- 
imately 4 hours before death revealed a temperature of 97° F. and an 
enlarged spleen, although the overall clinical impression was one of 
marked improvement. 


NECROPSY EXAMINATION 
Gross Observations 


Bill. Each pleural cavity contained approximately 500 ml. of straw- 
colored, slightly turbid fluid. The pericardial and peritoneal cavities 
contained a slight excess of similar fluid. The mediastinal adipose and 
connective tissues were incorporated into a translucent, edematous 
mass of gelatinous consistency. The parietal pleura, particularly on the 
right side, had a similar appearance. The visceral pleura over most of 
both lungs was thickened with edema fluid. The lungs were mottled 
pink and dark red in color. When the pulmonary substance was cut, 
frothy fluid emerged from the pink area, and the dark red regions were 
hemorrhagic and airless. The trachea and major bronchi contained 
frothy pink fluid, and the mucosa contained small bright red hemor- 
rhages but no erosions or ulcerations. The lymph nodes on the posterior 
aspect of the tracheal bifurcation were greatly enlarged and hemor- 
rhagic, with complete loss of grossly recognizable architecture (Fig. 1). 
This mass of nodes was connected to a smaller, less hemorrhagic group 
adjacent to the ascending limb of the aortic arch by means of a dark 
red, beaded lymphatic vessel (Fig. 2). There was a similar enlarged 
hemorrhagic node adjacent to the thymus, and comparable single nodes 
were found in the pancreatic chain, as well as in a group draining a 
dilated loop of duodenum covered by congested but not hemorrhagic 
serosa. The spleen was enlarged and soft, and its cut surface appeared 
uniformly dark red in color. The liver was markedly congested. The 
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meningeal vessels were congested, and the brain was edematous, but 
neither hemorrhage nor exudate were noted. The heart, pancreas, kid- 
neys, adrenals, testis, thyroid, pituitary and urinary bladder showed 
no gross lesions. The colon at the hepatic flexure exhibited a large 
abscess attributable to a parasitic worm. Except for this and the 
dilated loop of duodenum mentioned previously, there were no gross 
lesions of the gastrointestinal tract. 

Grove. The gross observations were qualitatively similar to those 
described for Bill. 

John. Although this animal exhibited the large soft spleen and gela- 
tinous mediastinal edema seen in the first two, he did not have pleural 
effusion, hemorrhagic tracheobronchial lymph nodes or massive pulmo- 
nary edema and hemorrhage. Edema of the tracheal mucosa was 
prominent, but no hemorrhage was evident. The only extensive hemor- 
rhages were found in the cortex and medulla of both adrenal glands. 


Microscopic Observations 


The first two animals which succumbed (Bill and Grove) presented 
essentially similar histologic alterations, differing only in degree of 
involvement. The extent and severity substantiated the impressions 
derived from the gross observations. Since Bill presented the more 
accentuated changes, the lesions in him will be described. The pleura 
was thickened as the result of separation of the connective tissues by 
edema fluid devoid of vegetative anthrax bacilli or cellular exudate 
(Fig. 3). The pulmonary vessels were markedly distended with blood 
and a myriad of anthrax bacilli (Fig. 4). The alveoli contained edema 
fluid in some regions and were filled with blood and bacilli in others. 
Scanty cellular exudate and few bacilli were found in the alveoli free 
of hemorrhage. The bronchioles and small bronchi contained variable 
quantities of blood, mucus, and organisms. The enlarged, congested 
lymph nodes at the tracheal bifurcation and adjacent to the thymus, 
pancreas, and duodenum, exhibited almost complete replacement of 
recognizable architecture by massive hemorrhage (Fig. 5) and accumu- 
lations of neutrophils. Elsewhere, the nodes showed marked dilatation 
of sinusoids, a dearth of lymphocytes, and small, follicular, germinal 
centers. Some of the latter were necrotic. The spleen retained recog- 
nizable architecture, but germinal centers were surrounded by zones of 
hemorrhage and many organisms were distributed throughout (Fig. 6). 
The liver was not remarkable except for extreme acute passive conges- 
tion and numerous bacilli in the sinusoids. The blood vessels of the 
kidneys were congested and contained many bacilli. Some of the 
glomerular spaces and many of the proximal convoluted tubules con- 
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tained granular, pink-staining, noncellular substance. The proximal 
tubules were slightly dilated, and the tubular epithelium was somewhat 
swollen. The intestine of the worm found in the colonic abscess con- 
tained organisms morphologically similar to B. anthracis. The dilated 
loop of duodenum mentioned in the gross description was the seat of 
serosal congestion, but no other pathologic alterations were noted. The 
gelatinous swelling of fat and connective tissue observed in the medias- 
tinum of all 3 animals and about the kidneys and adrenals of Grove 
and John revealed edema but little cellular exudation or hemorrhage. 
The other tissues examined (heart, pancreas, adrenal, testis, urinary 
bladder, thyroid, tonsil, pituitary, and brain) contained anthrax bacilli 
in blood vessels but no lesions. 

The animal dying following a second exposure (John) exhibited few 
histologic lesions. The lungs showed minimal edema and focal conges- 
tion. The tracheal and bronchial mucosa were edematous, but no 
cellular exudate was apparent. The spleen resembled the spleens of the 
other two animals. Some of the lymph nodes contained dilated sinus- 
oids and exhibited a paucity of lymphocytes, but the architecture was 
maintained, and there was no massive hemorrhage. The mediastinal 
and perirenal tissues were identical in histologic appearance to their 
counterparts in the other animals. There was hemorrhage in the cortex 
and medulla of both adrenal glands. No other significant microscopic 


features were observed. 
DIscuSsSION 


These experiments indicate that the chimpanzee is susceptible to 
B. anthracis when it is administered in aerosols of small particle size via 
the respiratory route. At a calculated inhaled dose of 32,000 to 66,500 
spores, bacteremia appeared on the second or third day following ex- 
posure, and 2 of the 4 animals succumbed on the sixth day. It is note- 
worthy that in the presence of a bacteremia of considerable magnitude, 
the 2 animals that died exhibited no objective findings, and until a few 
hours before death the only evidence of illness was tenderness in the 
splenic region. The rapidity with which death ensued in apparently 
healthy animals was dramatic. 

In the absence of therapy, the development of positive blood cultures 
following infection with B. anthracis by any route has been considered 
a grave prognostic sign. It is of interest that the 2 survivors developed a 
bacteremia on the second or third day following exposure. The bac- 
teremia continued at a low level for 8 days. It is of further interest 
that one of these animals, on re-exposure to a larger inoculum, de- 
veloped a delayed bacteremia on the fourth day which persisted for 
only 2 days and was followed by complete recovery of the animal. It 
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would appear that the presence of a bacteremia was not necessarily 
significant as to outcome. A rapid progression in numbers of organisms 
in the blood, on the other hand, is ominous. 

The pathologic observations at necropsy resembled those previously 
described in the guinea pig, mouse, and monkey. These were charac- 
terized by widespread edema and hemorrhage, most prominent in the 
spleen, lungs, and lymph nodes, and by the absence of a pronounced 
cellular inflammatory exudate in the lungs. This confirms the impres- 
sions of others that B. anthracis introduced by the respiratory route 
into susceptible animals results in a fulminating septicemia rather than 
a primary pulmonary infection. No tracheal or bronchial lesions com- 
parable to those described in “woolsorters’ disease” in man were ob- 
served. 

The fact that the intraperitoneal injection of blood in mice was fol- 
lowed by death of the animal and cultural recovery of the organism, 
whereas the inoculation of conventional cultures failed to show growth, 
indicates that mouse injection is a valuable ancillary diagnostic tech- 
nique. 

It is tempting to speculate on the development of a degree of resist- 
ance in the previously exposed animal. This may have accounted for 
the delay in developing bacteremia on re-exposure, the greater number 
of organisms in the blood before death, and the less severe edema and 
hemorrhage observed at necropsy. Although these features were strik- 
ing, the experience with so few animals is far too limited to permit 
conclusions. 

SUMMARY 

Four chimpanzees were exposed to B. anthracis via the respiratory 
route, utilizing small particulate aerosols. Each developed bacteremia 
within 2 to 3 days of exposure. Two animals survived and 2 died. On 
re-exposure to larger doses, both survivors of the first experiment de- 
veloped delayed bacteremia, and one died. The clinical course of the 
disease was not discernible except by the occurrence of bacteremia. 

Necropsy observations were comparable to those described for other 
relatively susceptible laboratory animals. They indicated that B. an- 
thracis administered by the respiratory route caused a fulminating 
septicemia rather than a localized pulmonary disease. 
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LEGENDS FOR FIGURES 


Fic. 1. Posterior view of chimpanzee’s (Bill) lungs, illustrating pulmonary hemor- 
rhages and large hemorrhagic mediastinal lymph nodes. (U.S. Army photo- 
graph.) 


.2. Posterior oblique view of chimpanzee’s (Bill) lungs, demonstrating a mark- 
edly dilated beaded lymphatic vessel connecting hemorrhagic nodes on the right 
with smaller ones on the left. (U.S. Army photograph.) 


. 3. Section through chimpanzee’s (Bill) lung, illustrating the edematous pleura 
and hemorrhage into alveolar spaces. Giemsa stain. X 42.5. 


.4. An area of lung (Bill) devoid of hemorrhage, showing partial collapse and 
congested blood vessels containing many B. anthracis organisms. Giemsa stain. 
X 460. 


.5. Lymph node with architecture essentially obliterated by hemorrhage. The 
connective tissue about the adjacent thymus is markedly edematous. Giemsa 
stain. X 6.5. 


.6. Lymphoid nodule of the spleen with necrosis of cells in germinal center and 
surrounding hemorrhage containing many B. anthracis. Giemsa stain. X 290. 
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CELL DEATH 
IV. THE Errect oF INJURY ON THE ENTRANCE OF VITAL DYE 
IN EHRLICH Tumor CELLS* 


D. W. Kinc, M.D.+; S. R. Pautson, M.S.¢; N. L. Puckett, B.S., and A. T. Kress, Ph.D. 


From the Radiobiology Department, Army Medical Research Laboratory, 
Fort Knox, Ky. 


In 3 preceding papers*® the changes occurring in injured Ehrlich 
tumor cells have been discussed. In this final paper the use of a vital 
stain, trypan blue, and its relative importance as an indication of 
the presence of dead and dying cells will be described. In addition, 
the general pattern of death of cells will be discussed. Although 
Lepeschkin and Goldman* emphasized the early degenerative changes 
in cellular protein, Rahn® demonstrated that coagulation of proto- 
plasm was the very terminal event in cell death. We believe Lepesch- 
kin and Goldman’s observations were indicative of coagulative con- 
glomeration of protein following rupture of cell membranes and had 
no relation to the early unfolding or denaturation of the globular 
proteins, a phenomenon which occurs much earlier in the degenerative 
process. 

Vital dyes have long been used to determine cell viability. It is an 
old dictum of biologists that dyes will never enter the living nucleus.® 
Rahn used methylene blue as an indicator of alterations in cellular 
permeability and found that injured cells took up the dye long after 
they had lost the capacity to divide and to ferment glucose. However, 
methylene blue undoubtedly enters the cell and is present in a reduced 
form long before it can be seen. 

Evans and Schulemann‘ concluded that the entrance of trypan blue 
into the cell was purely a physical phenomenon based on the size of 
the particle and was not due to the chemical union between dye and 
protoplasm. In experiments with Ehrlich tumor cells, it proved to be 
an excellent guide as to both structural and metabolic activity but a 
poor indicator of changes in cellular permeability. Marked alteration 
in the amount of cellular protein, sodium, potassium and water oc- 
curred before the dye was taken up by the cell. 


EXPERIMENTS 


The incubation experiments were carried out as described in the 
previous papers.** Cells were incubated with .oco14 M glucose or 


* Received for publication, August 14, 1958. 

t Present address: Department of Pathology, Yale University School of Medicine, 
New Haven, Conn. 

} Present address: Department of Zoology, University of Wisconsin, Madison, Wis. 
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pyruvate, maintained under air or nitrogen and irradiated with 
1 X r. 

An aqueous solution (0.01 per cent) of trypan blue was used as a 
vital stain. One drop was added to 3 drops of cell suspension under 
the cover slip of a standard blood counting chamber. Three hundred 
to 500 cells were counted at each time period, and the percentage of 
cells taking the stain into the nucleus was noted. 


RESULTS 


Trypan blue was used as a test for the viability of Ehrlich tumor 
cells. The entrance of trypan blue into the cell occurred later than 
the derangement of the other processes measured (Text-fig. 1). One 
hundred per cent of the salyrgan-treated cells usually completed the 
uptake of trypan blue in less than one hour. The irradiated and control 
cells had similar curves at a later hour. In many experiments of 6 to 
8 hours duration, the control and irradiated cells never took up trypan 
blue. 
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Text-figure 1. The effect of x-irradiation (1 108 r.) and salyrgan (0.001 M) on the 
viability of Ehrlich tumor cells (stained with trypan blue) in a typical experiment. 


Following rupture of the cell as the cytoplasmic and nuclear protein 
gradually dissolved in the surrounding medium, the dye became lighter 
and lighter until the final remnants failed to stain. 

There were, however, histologic alterations noted in the cell struc- 
ture before the entrance of trypan blue and the subsequent rupture 
of the cell. M. Lewis® found a brightening and accentuation of the 
nuclear membrane in tissue culture fibroblasts. In Ehrlich tumor cells, 
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this occurred principally after the shrinkage of the nucleus and before 
rupture of the cytoplasmic membrane. 

The formation of cytoplasmic blebs similar to pseudopods has been 
seen regularly in tissue cultures.®?® Although they were occasionally 
observed in control cells, they were found principally in the irradiated 
cells in our experiments (Figs. 3 and 4). The salyrgan-treated cells 
usually swelled regularly and homogeneously without exhibiting these 
localized irregularities in outline (Figs. 5 to 10). The blebs in the 
irradiated cells sometimes appeared to be clear, in the nature of 
vacuoles. Protein was not apparent in the fluid in hematoxylin and 
eosin stained sections. The blebs could represent localized weaknesses 
in the cell membrane. In other instances, they were opaque and con- 
tinuous with cytoplasmic structure. Cloudy swelling, a term first 
used by Virchow, has long been thought to represent an early stage 
of degeneration. The cells in this condition were described as being 
large and cloudy, showing fine granularity of the cytoplasm. Virchow 
thought that injury to the cell impaired the ability of its cytoplasm 
to assimilate protein brought to it by the blood.” In recent years, 
pathologists have justly attached little diagnostic significance to this 
term. It is impossible to distinguish between late pre-mortem and 
early post-mortem alterations. Injury to the cell obviously occurs 
following removal from the organism. 

A similar but more marked process has been described by a number 
of investigators working with tissue cultures. W. H. Lewis’ found 
that the first indication of death of the cell was a hazy granulation 
of the nucleus and later granulation in the clear peripheral processes 
of fibroblasts. Later the cytoplasm and nucleus became filled with 
fine, white granules which at first showed brownian movement. Since 
they were separate and distinct from the mitochondria, they may have 
been conglomerate, denatured, corpuscular. proteins. Present workers 
in tissue culture have described this latter phenomenon.* Photo- 
graphs taken in this laboratory of unfixed Ehrlich tumor cells injured 
with salyrgan and roentgen rays (Figs. 5 to 10) show the typical 
features of cloudy swelling. 

Trypan blue was also of value in attempts to measure the effect of 
injury on the aerobic and anaerobic parts of the glucolytic cycle. 
Heinmets and Kathan™ thought from their studies with bacteria that 
the fermentative cycle was more affected than the aerobic cycle. In 
experiments in this laboratory glucose and pyruvate were added to 
two aliquots of the same sample of cells to a final concentration of 
.0014 M respectively. They each received equal doses of irradiation 
(t X 10° r.) simultaneously under aerobic conditions. Examination 
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of the cells by vital stain techniques (trypan blue) showed that the 
control cells incubated in pyruvate under aerobic conditions and glu- 
cose under anaerobic conditions maintained their integrity without 
damage (Text-fig. 2). However, cells irradiated in pyruvate and 
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Text-figure 2. The effect of irradiation (1 X 10% r.) on cells incubated under anaerobic 
and aerobic conditions as measured by the entrance of trypan blue into the cell. 
maintained under aerobic conditions had a go per cent uptake of vital 
stain in 3 hours, while only 29 per cent of those irradiated in glucose 
and maintained under anaerobic conditions took up trypan blue. In 
a later experiment, 4 hours in duration, the control pyruvate-incubated 
cells again maintained 100 per cent viability as measured by this 
technique, and the glucose control cells had 97 per cent viability. The 
pyruvate-irradiated cells showed evidence of much more damage than 
the glucose-irradiated cells. In the former group 98 per cent took 
the stain, while in the latter only 49 per cent did so (Text-fig. 2). 

In earlier experiments with two groups of cells not irradiated but 
given equal amounts of glucose and studied under anaerobic or aerobic 
conditions, it was shown that the cells in the anaerobic group were 
unable to maintain the proper electrolyte concentrations, even though 
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they did not take up vital stain. Control cells given pyruvate main- 
tained normal contents of sodium, potassium, and water. Control cells 
given glucose and incubated anaerobically failed to maintain normal 
sodium and potassium levels, although appreciable numbers did not 
take in vital stain. Irradiated cells given glucose did less well than 
the two control groups, but did appreciably better in maintaining 
normal sodium and potassium levels than the cells irradiated in 
pyruvate. 

Thus, from evidence gained by the entrance of vital stain, the 
maintenance of proper sodium and potassium values, and from the 
cessation of respiration while lactic acid production continued, it is 
concluded that in these cells one enzyme or a group of enzymes in 
the oxidative cycle is more sensitive to radiation in the presence of 
substrate than the enzymes in the fermentative part of the cycle. 
Although both groups were irradiated in air, it might be postulated 
that hydrogen peroxide formed in sufficient quantities would be effec- 
tive over a longer time period in continually aerated solutions than 
in solutions kept under anaerobic conditions. 


DIscussION 


The purpose of this investigation was to follow the processes leading 
to death of a cell and to determine, if possible, which physiologic 
features of the cell were most susceptible to injury. The results of 
many experiments on the metabolic processes of degenerating control, 
irradiated, and salyrgan-treated cells indicated that the sequence of 
events in Ehrlich tumor cells followed a typical pattern for all 3 forms 
of injury. This may be divided into 4 stages (Table I). 

Few investigators would maintain that the nucleus was essential 
for short term survival of cells. Red blood cells maintain an active 
metabolism for 120 days without benefit of a nucleus, and the func- 
tions of the nucleus are not well defined.” Many investigators have 
believed that the nucleus was the center of protein synthesis, and Gale 
and Folkes*® have demonstrated the importance of deoxyribonucleic 
acid (DNA) on amino acid incorporation and the formation of adap- 
tive enzymes. However, Brachet and Chantrenne’ showed that the 
incorporation of amino acid and C™ in the giant alga (Acetabularia 
mediterrania) was not stopped when the cells were enucleated, and 
Malkin'® observed similar results with sea urchin eggs. It appears 
likely that the nucleus will prove important in the general metabolism 
of the cell although it was no surprise to workers in this laboratory 
to find that some constituents of the nucleus could be badly damaged 
without untoward effects on other aspects of the cell’s metabolism. 
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The nucleus became granular, hazy, swollen, and finally pyknotic 
earlier than its associated cytoplasmic component. It (the nucleus) 
lost appreciable amounts of DNA, and the mitotic index dropped 
precipitously before there was any demonstrable alteration in mito- 


Tasre I 


Stages of Cell Death 


Stage 1 


1. Division stops, as the cell fails to undergo mitosis. 
2. Deoxyribonucleic acid is lost from the cell nucleus. 


3. Protein is lost concurrently with the first two steps, probably from both the nucleus 
and the cytoplasm. 


4. The formation of blebs, granules, and minor changes in the size of the nucleus and 
cytoplasm occur. 


Stage 2 


. Respiration ceases several hours later. 

. Lactic acid production continues for a short time following cessation of respiration. 

7. Total dehydrogenase activity is lost, with interruption of complex oxidative and 
fermentative cycles. 

8. Mitochondria decrease in number and increase in size throughout the experiment, 

but they do not disappear completely with the loss of metabolic functions. 


awn 


Stage 3 


9. Potassium loss from the cell is concurrent with the entrance of sodium and water. 
Although small variations in these constituents may occur earlier, the terminal 
changes appear to be associated with the loss of energy production following 
breakdown of the glucolytic cycle. 

1o. Trypan blue enters the cell and stains the nucleus and cytoplasm. 

11. At a critical point, in a rather narrow range, the cell bursts, releasing large amounts 
of sodium and water. This results in contraction in size, although a protein 
framework in the cytoplasm and nucleus remains intact. 


Stage 4 


12. The denatured protein of the cytoplasm takes up additional amounts of sodium 
and water. Later, as the protein is dissolved into the surrounding medium, the 
total content of sodium and water is reduced. 

13. The terminal picture is that of a few irregularly stained nuclei embedded in a con- 
glomerate mass of precipitated protein. 


chondrial structure, plasma membrane structure, amount of ions or 
water, dehydrogenase activity, respiration or lactic acid production. 
The only concurrent phenomenon affecting the cell as a whole, con- 
temporaneous with the drastic changes in the nucleus, was the loss of 
protein from the cell. 

Three to 14 hours following alterations in the protein of the nucleus 
and cytoplasm, there were noted the first changes in some of the 
cytoplasmic physiologic processes. The complete breakdown of any 
one of the 4 major processes of the cell (biosynthesis of enzymes, 
production of energy, repair and restoration of structural deficiencies, 
and maintenance of a satisfactory ionic environment) will immedi- 
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ately result in alterations, usually irreversible, in the other 3 func- 
tions. Indeed, when cells were injured with salyrgan, which inhibits 
the action of many enzymes, there followed in quick succession a loss 
of energy, a falling apart of the protein structure, and rapid and highly 
deleterious changes in the ionic constituents of the intracellular fluid. 
With the destruction of the oxidative and fermentative cycles in the 
control and irradiated cells, there was a loss of energy available to 
maintain cellular structure and ionic balance. Protein architectural 
destruction was increased, or the rate of resynthesis decreased. This 
inevitably resulted in membrane alterations. A lack of energy to 
maintain cellular sodium and potassium equilibrium against the nor- 
mal gradients resulted in a loss of potassium and a gain in sodium. 
The latter phenomenon was accompanied by a movement of water 
into the cell. 

Denatured protein swells and takes on hydrated sodium ions re- 
sulting in further loss of the spatial relationships of the cell architec- 
ture. At the very end stage, shortly before the bursting of the cell, 
trypan blue dye entered both the cytoplasm and the nucleus. At this 
stage no metabolic activity exists, and the cell is completely dis- 
organized. Examination of cells following rupture of the membrane 
usually revealed intact cells for many hours. Occasionally a tear in 
the membrane was seen, but often it was not. After a short initial 
contraction with release of water and sodium ions, the denatured 
residual protein structure again became swollen to its initial bursting 
size, or occasionaily a little greater. Gradually over a period of time, 
protein was dissolved from both the nucleus and the cytoplasm, and 
the cell became shrunken to an irregular shell of a nucleus with a 
thin rim of cytoplasm surrounding it. The extravasated protein coag- 
ulated into a conglomerate gelatin-like mass. 

Some would consider it unrealistic from a biochemical point of view 
to try to separate the metabolic processes, since the present knowl- 
edge concerning their mechanisms shows how intimately different 
processes are interrelated. For example, coenzyme A appears to be 
concerned with the metabolism of the 4 major constituents of the cell. 
A lack of coenzyme A might theoretically result in such widespread 
and apparently unrelated changes as inability to revise the protein 
or lipid portion of the plasma membrane or inability to provide the 
energy for the formation of DNA or the transportation of ions. 

Despite the fact that essential key enzymes, coenzymes, vitamins, 
and hormones may be involved in numerous interrelated metabolic 
pathways, it nevertheless has been shown in these experiments that 
the injured cell passes through 4 fairly discrete stages. It cannot be 
said that all forms of injury require these discrete stages. Cells sub- 
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jected to large toxic doses of salyrgan passed through the degenerative 
phases so quickly as to make recognition of each stage almost im- 
possible. It would also appear likely that some toxins and many 
chemicals would have a lytic effect on the membrane which would 
result in disorganization of cellular structure and function due solely 
to ionic imbalance. Competitive analogues may selectively inhibit one 
stage of protein synthesis without affecting the mitotic process. The 
discovery and identification of these processes in disease states will 
constitute the pathology of the future. 

In this laboratory we have investigated some of the events leading 
up to cell death. From the studies described, cellular functions appear 
to be lost in a reproducible order, regardless of the form of injury. 
Most of these functions depend on energy production and biosynthesis 
of enzymes, and these two processes, in turn, are interdependent on 
each other. Probably the most important and unique property of 
protoplasm is the ability to duplicate its constituents exactly, and 
the loss of this quality may be the primary defect when cells fail to 
recuperate from injury. The delayed end result and sequence of events 
thenceforth will depend on how much of a given essential metabolite 
was present before the damage, the amount needed, the natural turn- 
over rate, and the possible alternative paths of synthesis. If this 
property of self-duplication is that most susceptible to injury, this 
would explain why mitosis is the process most easily depressed. In no 
other function of the cell is a more complicated or vital reduplication 
necessary than in the structure of the genic pattern of the chromo- 
somes. Later, despite the reserve capacities of the cytoplasm, the cell 
would be unable to duplicate the enzyme pattern essential for the 
completion of the energy producing reactions. Once energy production 
is lost, the cell is unable to maintain a normal concentration of ions 
and water, and the structural organization necessary for life is forever 


lost. 
SUMMARY 


Ehrlich tumor cells, when injured by irradiation and a mercurial 
metabolic inhibitor, pass through 4 discrete, recognizable stages. The 
fate of the cell is determined by its ability to repair those structures 
destroyed as well as to maintain synthesis of those molecules normally 
undergoing a fast turnover in the dynamic equilibrium of the cell. 
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LEGENDS FOR FIGURES 


Figures 1 and 2 represent unstained control Ehrlich tumor cells maintained in 
Krebs-Ringer solution. 


Fic. 1. Control cells immediately after incubation. The cells are spherical, regular 


Fic. 


in outline and contain numerous refractile granules or vacuoles. Very little 
cytoplasm is seen, as there is a very high nuclear cytoplasmic ratio in these 
tumor cells. X 430. 


2. Control cells 8 hours after incubation. Note the absence of staining with 
trypan blue. Although they have lost small amounts of protein and DNA and 
the mitotic index has been reduced, the cells have maintained a normal size, 
shape and appearance. When .1 cc. of tumor suspension containing 5 X 105 
cells was re-injected into mice, roo per cent of the animals developed tumor. 
X 970. 


Figures 3 and 4 represent irradiated Ehrlich tumor cells maintained in Krebs- 
Ringer solution. 


Fic. 3. Cells immediately after irradiation with 1 X 10® r. The unstained cells are 


regular in outline and resemble the control cells in every way. X 430. 


Fic. 4. One hour following irradiation. The cells have developed irregular cyto- 
plasmic blebs. Some of these appear continuous with the cytoplasm, while 
others are merely small pockets which do not appear to have protein when 
stained with hematoxylin and eosin. Although the cells are losing small amounts 
of DNA and protein, they are maintaining their normal respiration and lactic 
acid production. There are no marked changes in the electrolyte pattern, and 
those seen are apparently reversible. X 430. 
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Figures 5 to 10 represent salyrgan-treated Ehrlich tumor cells. 


Fic. 


Fic. 


Fic. 


FIc. 


FIc. 


Fic. 


5. Unstained Ehrlich tumor cells immediately after the addition of salyrgan. 
The cells are small, spherical and regular in outline, resembling the control 
cells. X 430. 


6. Fifteen minutes after incubation. The cells have lost large amounts of 
DNA and protein, but their respiration and lactic acid production have not 
ceased. The nuclei and cytoplasm are losing potassium, gaining sodium and 
water, and starting to swell, exhibiting irregular cell membranes and partial 
clumping of the granules. X 970. 


7. Forty-five minutes following incubation. Some of the nuclei have stopped 
swelling and begun to contract. The cytoplasmic protein has a cloudy appear- 
ance which probably indicates denaturation or unfolding of the globular pro- 
teins. Respiration, lactic acid production and dehydrogenase activity have 
ceased. X 970. 


8. One hour following incubation. Two cells show rupture of the cell mem- 
brane with resultant loss of protein, sodium and water. X 970. 


9. Two hours following incubation. Following rupture of the cell membrane, 
the cell maintains an intact structure. Both the nucleus and the cytoplasm 
stain avidly with trypan blue. For a short time the denatured protein again 
takes up sodium and water, but this is lost along with the stainability as the 
protein gradually goes into the surrounding medium. X 430. 


10. Two hours following incubation. Note the variation in nuclear size and 
the presence of a few granules. X 970. 
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THE EXPERIMENTAL PRODUCTION OF ARTERIOSCLEROSIS: 


RESPONSE OF THE AVIAN ARTERY TO INTRAMURAL CHOLESTEROL 
AND OTHER INSOLUBLE SUBSTANCES * 


Martin G. Netsxy, M.D.; Toomas B. Crarxson, D.V.M., and Dorotuy StToxgs 


From the Sections of Neurology, Neuropathology, and Experimental Medicine, 
Bowman Gray School of Medicine, Wake Forest College, Winston-Salem, N.C. 


Factors responsible for sclerosis of arteries may be different from 
those producing the fatty component of atherosclerosis. Plaques large 
enough to cause inadequate blood flow often contain more fibrous 
tissue than lipid. The production of the fibrous component in avian 
atherosclerotic plaques by the injection of cholesterol has been de- 
scribed previously. ? When a cholesterol suspension was injected into 
the wall of an avian artery, a foreign body reaction appeared at the 
site of injection. In addition, a plaque of proliferated collagenous 
connective tissue was formed beneath the intima. The development of 
plaques was not affected by adding cholesterol or various fats to the 
diet. 

The present investigation has been undertaken to extend our ob- 
servations on the response of the avian artery to cholesterol, and to 
determine whether the intimal proliferative lesions were caused merely 
by the presence of an insoluble substance or by the chemical action of 
cholesterol. Paraffin, an insoluble hydrocarbon, was chosen because it 
has some chemical similarity to cholesterol. Barium sulfate was used 
because it resembles cholesterol in its insolubility and particulate 
nature. 

METHODS 

The technique for intramural injection has been described.? White 
Leghorn cockerels weighing 1 to 1.5 kg. were used. The cholesterol or 
barium sulfate was injected as a 20 per cent suspension in 0.9 per cent 
saline solution (0.2 ml.). The paraffin injections consisted of 0.2 ml. 
of slightly heated fluid paraffin which melted just above the body tem- 
perature of the chicken and became solid at 40° C. All injections were 
made directly into the adventitia or media of the left brachiocephalic 
artery. 

The chickens were maintained on a diet of Purina Growing Mash 
throughout the experimental periods. Preliminary experiments with 


* Supported in part by a grant (B-957) from the Institute of Neurological Diseases and 
Blindness of the National Institutes of Health, United States Public Health Service. 
Presented at the Annual Meeting of the American Association of Neuropathologists, 
June 14, 1959, Atlantic City, N.J. 
Received for publication, March 26, 1959. 
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cholesterol and saline were carried out with 5 groups of 10 birds each; 
2 birds from each group were killed at 2-week intervals to determine 
the best time for detailed study and the effect of diet.” In later investi- 
gations, the chickens were divided into 4 groups of 10 birds each. These 
groups were: saline control, cholesterol injection, paraffin injection, 
and barium sulfate injection. All birds were killed after 6 weeks, 
and the right and left brachiocephalic arteries removed for examina- 
tion. The right brachiocephalic artery served as a control for the 
spontaneous appearance of arteriosclerosis. The arteries were fixed in 
Io per cent neutral formalin. 

Frozen sections stained with Sudan IV were prepared from the 
arteries of 4 birds in each group. The remainder of the arteries were 
embedded in paraffin and cut in step sections at intervals of 200 p. 
The staining techniques used were: hematoxylin and eosin, Sudan IV, 
periodic acid Schiff (PAS), Verhoeff’s elastic tissue stain, phospho- 
tungstic acid hematoxylin (PTAH), and Rinehart’s stain for acid 
mucopolysaccharide. 

RESULTS 

Most injections were made into the adventitia. A small number 
were in the media, usually in the outermost portion but never in im- 
mediate proximity to the intima. 

The intramural presence of cholesterol resulted in two major changes 
in the artery. A foreign body reaction was seen in the adventitia at 
the site of injection in every case; in addition, a plaque of connective 
tissue appeared beneath the intima at a short distance proximal or 
distal to this site in 75 per cent of the animals. The media itself usually 
was histologically intact. The foreign body reaction consisted of multi- 
nucleated giant cells, cholesterol slits, lymphocytic and mononuclear 
cells and increased amounts of connective tissue (Fig. 1). Sudan IV 
stains of the adventitial reaction to cholesterol revealed a large amount 
of neutral fat (Fig. 2); cholesterol is not sudanophilic. The fat was 
either free in the tissue spaces or in macrophages; it was not in the 
foreign body giant cells. In preliminary experiments, the lymphocytic 
and mononuclear cell response was greatest at 2 weeks, but then 
decreased. Giant cells and adventitial connective tissue were sparse 
during the first 2 weeks, but greatly increased thereafter. 

The intimal plaques induced by the intramural injection of choles- 
terol in the adventitia appeared as masses of connective tissue beneath 
the intima. The commonest response was a small plaque of connective 
tissue protruding into the lumen (Fig. 3). Fibrin or other blood ele- 
ments were not seen. The proliferation of connective tissue in some 
cases was so great that the arterial lumen was almost completely 
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obliterated (Fig. 4). The plaques gave negative reactions to the PAS 
and Rinehart stains, and did not contain elastic tissue or fat. The 
reaction with PTAH was characteristic of collagenous connective tis- 
sue. Endothelial cells were occasionally increased in number. 

Barium sulfate caused proliferation of connective tissue at the site of 
injection. However, foreign-body giant cells were lacking, and the 
inflammatory response was minimal (Fig. 5). Crystals of the injected 
material were seen in the region of fibrotic reaction. It is noteworthy 
that the introduction of barium sulfate did not result in the appearance 
of sudanophilic substance. Only one of 1o birds receiving barium 
sulfate exhibited an intimal plaque. This plaque gave negative reac- 
tions to the PAS and Rinehart stains, did not contain elastic tissue or 
fat, and was small and tubular rather than focal. The reactive con- 
nective tissue here was morphologically different from that encountered 
in the cholesterol series. The connective tissue cells were concentrically 
arranged as opposed to a focal disorderly appearance in the reaction to 
cholesterol. Endothelial cells were not increased in number. 

The intramural injection of paraffin elicited a still different reaction 
in the adventitia and media at the site of injection. There were no 
foreign-body giant cells. The reactive cells were predominantly lympho- 
cytes accompanied by a few monocytes (Fig. 6). The site of the ad- 
ventitial reaction contained spaces lined by connective tissue where the 
paraffin had washed out in the histologic preparation. Local destruc- 
tion of muscle fibers associated with a lymphocytic response occurred 
where the paraffin had entered the media. The reaction to paraffin did 
not contain sudanophilic material. Intimal plaques were not seen. 

Spontaneous arteriosclerotic lesions were never found in the control 
right brachiocephalic arteries. 


DISCUSSION 


Winternitz, Thomas and LeCompte, in 1938,* suggested that choles- 
terol and its esters, remaining after resorption of hemorrhages from the 
vasa vasorum, could cause intimal proliferation. Wartman and Laip- 
ply* did not induce intimal alterations by injecting homologous whole 
blood into the wall of the femoral artery of dogs. Christianson® pro- 
duced intimal proliferative changes in the dog by the intramural injec- 
tion of cholesterol dissolved in human fat. Interpretation of these 
observations is difficult, however, because of the complexity of the 
injected substances. Leary® questioned the hypothesis of Winternitz 
and his co-workers because “atherosclerosis begins in the most super- 
ficial layers of the intima in the region farthest removed from the dis- 
tribution of vasa vasorum.” 
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The adventitia of arteries does contain numerous vasa. On the basis 
of our experiments, it is evident that cholesterol in the adventitia is 
capable of inducing an intimal arteriosclerotic plaque. We have dem- 
onstrated that it was not necessary for the cholesterol crystals to be 
present in the media or subintima to elicit this phenomenon. Further- 
more, the intimal plaques induced by intramural injection of cholesterol 
were frequently not adjacent in the longitudinal plane to the site of 
adventitial injection. The plaques were located either proximally or 
distally to the largest part of the adventitial foreign body response to 
cholesterol. 

The large amount of free and intracellular sudanophilic material at 
the site of cholesterol deposit was of interest because of the frequent 
association of free fat and cholesterol crystals in human atherosclerotic 
plaques. Fat was not found, however, within the cholesterol-induced 
avian plaque. The ability of cholesterol to cause subintimal plaques 
when injected into the adventitia or media was not shared by barium 
sulfate or paraffin. The effect of cholesterol, therefore, was character- 
istic of this substance and was not merely the response of the artery to 
an insoluble or foreign compound. Fat was not seen at the sites of 
injection with either barium sulfate or paraffin. 

The 3 coats of the arterial wall differed greatly in their biologic 
responses to the 3 injected substances. The adventitia had the most 
diverse reactions. Cholesterol caused a foreign-body reaction and a 
transient inflammatory reaction, proliferation of connective tissue and 
free fat; barium sulfate caused only an increase in connective tissue; 
whereas paraffin resulted in an inflammatory reaction, predominantly 
of lymphocytes. 

By contrast, the media had little reactivity. Increased amounts of 
connective tissue rarely occurred as a result of the injections, and 
when present, appeared as extensions from the adventitia. Usually the 
media suffered a focal loss or interruption of elastic fibers, or was 
normal in appearance. 

The intima had an even more stereotyped reaction. Plaques of con- 
nective tissue usually formed after the intramural introduction of 
cholesterol, and rarely or not at all after the introduction of barium 
sulfate. In the case of paraffin, the intima was not altered at all. 
Injury to the intima by other means results in formation of increased 
amounts of connective tissue. This has been shown by Duguid’ who 
passed threads through the arterial wall of dogs, and by Christianson,* 
using intramural cholesterol dissolved in human fat. 
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SUMMARY 


The injection of cholesterol into the adventitia of the avian artery 
caused a reaction consisting of foreign-body giant cells, cholesterol 
slits, and increased amounts of connective tissue. Free fat was abun- 
dant in the tissue spaces and within macrophages at the site of injec- 
tion. Also induced was a focal proliferation of connective tissue in the 
intima in 75 per cent of the birds, even though the media was histo- 
logically intact. The plaques ranged in size from small elevations of 
the intima to almost complete occlusion of the arterial lumen. 

The intramural injection of paraffin or barium sulfate induced a 
response at the site of injection which differed from that caused by 
cholesterol. The response was largely of lymphocytes when paraffin 
was injected, and of connective tissue with barium sulfate. Neither of 
these substances was accompanied by an accumulation of sudanophilic 
material. A small intimal plaque was seen in only one of 1o birds 
receiving the barium, and none occurred after paraffin injection. The 
response of the avian artery to intramural cholesterol, then, had some 
specificity, because plaque formation did not occur with the other 
compounds tested. 

The 3 layers of the avian arterial wall differed greatly in their reac- 
tion to foreign substances inserted intramurally. The adventitia had 
diverse reactions; the media suffered only focal loss of elastic fibers. 
The intima appeared to be capable of only one reaction, the formation 
of a plaque of connective tissue, when the appropriate stimulus was 
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[ Illustrations follow ] 
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LEGENDS FOR FIGURES 


Fic. 1. An adventitial reaction to cholesterol, showing proliferation of connective 
tissue. The spaces in the upper part of the field are cholesterol slits surrounded 
by multinucleated giant cells. Hematoxylin and eosin stain. X 120. 


Fic. 2. An adventitial reaction to cholesterol. Masses of lipid appear in the tissue 
spaces and within macrophages. The lower part of the field contains a few 
muscle fibers within a fibrotic reaction. Sudan IV stain. X go. 


Fic. 3. A small plaque (arrow) beneath the intima appearing in response to choles- 
terol injection. A typical adventitial reaction is present. Note the intact media. 
Hematoxylin and eosin stain. X 110. 


Fic. 4. Reaction to cholesterol. The adventitial response is massive. A subintimal 
plaque almost occludes the lumen. This is not thought to be an organized 
thrombus. Hematoxylin and eosin stain. X 20. 
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Fic. 5. Adventitial reaction to barium sulfate. Moderately dense connective tissue 
is present in the upper part of the field. A few muscle fibers have been ele- 
vated, but the media is otherwise intact. Crystals are present but are not 
shown in the photograph. Hematoxylin and eosin stain. X 120. 


Fic.6. Adventitial reaction to paraffin. The predominant cells are lymphocytes. 
Hematoxylin and eosin stain. X 480. 
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Notice to Subscribers 


The American Journal of Pathology will be issued 


monthly (two volumes per year) beginning with 
Volume 36, January, 1960. 


Publication and circulation will be handled by Paul 
B. Hoeber, Inc., Medical Book Department of Harper 
& Brothers, 49 East 33rd Street, New York 16, N.Y. 


Subscriptions effective after December 31, 1959, 
should be sent to the above address, payable to Paul B. 
Hoeber, Inc. ‘There will be no increase in subscription 
rates ($15.00 annually, plus $.50 postage to Canada and 
$1.00 postage to all other countries). 


Manuscripts should be submitted to the Editorial 
Office which will continue at its present location: The 
American Journal of Pathology, Cincinnati General 
Hospital, Cincinnati 29, Ohio. 


—Edward A. Gall, M.D., Editor-in-Chief 


Announcement 


Fifty-seventh Annual Meeting 


of the 
AMERICAN ASSOCIATION OF PATHOLOGISTS 


AND BACTERIOLOGISTS 


to be held 
Aprit 28, 29 anv 30, 1960 


at the 


HoTEeL PEABODY, MEMPHIS, TENNESSEE 


Symposium 
Friday, April 29, 1960 
“Genetic Factors in Disease” 


Referee, Dr. Nash Herndon 


Titles for presentation at the regular sessions and the Symposium should 
be submitted to the Secretary of the Association not later than January 
15, 1960. Abstracts will not be published in The American Journal of 
Pathology as in the past. It is expected that there will be pre-publication 


of abstracts in the Program to be sent out approximately one month in 
advance of the meeting. 


Secretary: Russell L. Holman, M.D. 
Louisiana State University 
School of Medicine 
New Orleans 12, Louisiana 
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